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\\1 ) SUMMARY

The various graphical and mathematical techniques available for controlling

research and development projects are considered in relation to the needs of the
manager of a small project. The PERT/'IIME model li recomin,dei)

L—'rhe implementation of PERT/TIME in the R ﬂlem is discussed, amd a
brief account is given of experience gained from its use in managing the
engineering development and manufacture of the data handling sub=-systems of the
U.K.3 satelli 'ce.)

P
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Appc.ndlces are included which describe the basic PERT/TIME system and

postulate operating instructions for its use, Mention is made of derivatives

of the original techniques which may be of use in the future.
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1 INTRODUCTION

Much of the time of wembers of the scientific and professioral classes in

the Civil Service is spent in management. Almost eviry recruit must expect that
some part of hag c.rcer will be devoted to men-gerial durics, however distasteful

this may appear to him at the time, :

Nearly all sciontific Managers perform Ghcir manageriel cuties without
recourse to techiiques and facilivies which they would use in their technical
work as a matter of routine. Indeed, many of them regard scientific techniques
for managticine wilh a heelthy but irrational sceptician., It is a little sur-
prising that a man vho has enployed an electronic computer to evaluate a
mathematical model of a control system should scorn to use the smne tecanique to

assist in organising the development of the resulting hardware,

This attitude is gredually changing, at least at the highest levels of
management, In Britein, a Committee was set up in May 1958; "To cnquire into
the techniques emploj=d by Government Departments and other bodies wholly financed
by the Exchequer for {he management and control of research and davelopment carrics
cut by them or on their behall', anl to make recommendations". In the Committez's
:c‘eport1 fifty-two recommendations were made covering a very wide field of
scientific poiicy, and some of them have been adopted, In varticular, the
Coumittee made dztailed recormerdations abcut the procedure to be adopted in the
Jetting axd control of dezvelopment contracts, It laid great siress on careful

planaing both in terms of cost and time-scals,

In the U.S.A. the prinrity allocated to the development of a rmclear weapons
system imsune to interdiction (Polaris) led {o the develonment of network analysis
as a tool of managf:uentza

In the idnlatry of Aviation network analysis is alrz2ady being used in the
control of major projects, o which Sea Dart is probably the best knovm, On the
1st January, 1965 a section was set up within the Controllerate of Aircrafi for

project timz and cost analysis.

However, the use of network t=chniques for R, amd D. Projects of small size
J A

say of iess Lhan £50C 000 total cost, is unusual, +hen they have been used, it

has ct'ten been at the instigation of the contractor, :
It has frequently been said thai network techniques do not meke a valid

contrivution to small probjects, This is mot so. Any programme of work which

involves (he co-ordination of inter-dependent activities can use them. Valuable

savings of t.me and cust have brea 2cnieved in plan® maintemance, when activity

durations have ¢en measured in hours rauhier than wecks, ;
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Zarly in 1964 it was decided, in a Section of Space Department, to overhaul
the techniques that it vas using in managing the amall projects with which it was
concerned, This paper is largely based on the experience so gained. "1t is

concerned with the examination of the needs of the lianager, the choice of a

&

mathematical medel technique to meet these needs, the experimental intrcduction

of the technique into a small project (the data handling sub-system of the

4

U.K,3 satellite), and the possibilitics of futurec extension. It assumes a kaow=
ledge of the basic principles of network analysis, but includes in Appendix A

a brief summary of the Programme Zvaluetion and Review Technique (PERT), which was
the systom selected, Readers who are unfamiliar with the managament type of .
networx suzlysis should read it, at least up to Scetion Al3, before reading beyord

Chapter 3 of the main text,

1o sANE SaninmY
2 THZ WEED

OF THE MANAGER

tu
h

The primary function of the llanager is the making of decisions, He may
possess powers of persuasion and leadership, ard a large fist for banging the
teble, but he must still decide when and in what way to use these powers ard how
herd to bang, He rmust allocate his resources, manpover ard equipnent, to achieve
his objective within his specified time-scale and overall cost; if possible sconer
ard cheaper, He must eunsure that the inputs ard outputs of the device he is
producing are compatible, in every respect including time, with the other equip-
ments with which it must work, or as the jargon is, he must control his interfaces.
He mist ensure that all the people working on the project are aware of their !
precise function and their relation with each other, fbove all, he must monitor
the progress of a project sufficiently closely to modify his original directives

and eallocaticns to mect changing circumstances, before things get out of hand.

The recunvended procedure for decision making is usually a variant of the

following:~

(1) Define the problem,

(ii) Analyse it,

(iii) Postulate possible solutions,

(iv) Select ore, ¢
The Manager of a developnent project normally has his problem defined for him

in general terms by means of an operational regquirement, a design aim or a

performance specification, He may also, but not necessarily, be told when the

equipment is required and how much he can spend., Often, he will be required
to make estimates of timc-scale and cost, Occasionally, the problem may not be

clearly defined end the Manager will have to do this for himself,

e

BELIRE = =R S s ea el S T -




S ey

- In order to make the problem arenable to anelysis, it must boe droken down

: in sane degree of detail, This division may bo done chronologically, in terms

,, of technical difficulty, in terms of the various technologies to be eanrloyed, or

in terms of the man power and facilities to te used. The list is nct extioustive,

nor ere the criteria for division mutually exclusive. If the enalysis is to be

. uselful, it rmust be disciplined, The ianager necds to determine the arcas of
preatest difficulty, and to relate czch activity to those deperdent upon it, and
to determine its bearing on the overall time scale and cost, £11 this can be

achicved by constructing a mathematical model of tne problem,

Ming the next phase of the analysis he may wish to measurc alternative
technical solutions against the project requirements and egainst internal and
external interfaces, e will need to decide what parts of his development
prograTme can be carried cut in serics, and what must be done in parallcl to

- avoid over-running the time-scale,

Having isclated his problems and planned their solution the lenager now
needs to comnuricate his plan to his subordinates or his contractors, It is
obviously advantugcous if the perfocted mathematical model is in such a form that
it can readily be urderstood by thum, It is even better if those concerned with
the most detailed aspects of the work cazn analyse the problens delegetzd to them

- by means of the same technique, In this way the difficulties of information

feedback arc minimised, but the choice of model is thereby limited, !

Feedback of information is of vital importance because, as the project
procecds, it will become apparent that tiie overall plan must be charged, This

may be because it was wrong, or because the reguirercnts of the projcct may have

; changed, The fecedback rust be sufficiently rapid for the lManager to recognise

the new difficulties and resclve tiem before the project as a whole is advirsely
b

1
affected, For this t»

¢ achieved all concerned must "speak the same langiage',

iost irportant of all, the maragzer nceds a status reporting cystem that

will enable him to "manage by exception'. The tachrigue of management by

. exccption is based on the vpremise that no lanager can effectively control every :
detail in a project., He must direct his endeavours only towards those parts of J

R the project which, exceptionzally he hopes, necd his attentlion, He must, thercfore

be able to discover which activitiss Sutermine the completion date amd which have
] the greatest effcct on overall cost (they may rot be the same), In this way he
v%ill not waste time in speeding up activities which do not dircctly affect the ;
overall time scale, and in devising false or negligible econoirics, This method
is particularly valusble in the Civil Service, where more or less rigid staff

complements toerd to limit the availability of manmagencnt ¢xpertise.
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3 TECHNIQUES CONSIDERED

The source of most of the morc fashioneble nonagement technicues is the

acrospace irdustry of the United States, A list of t‘ncse3, published in March 196k,

vt 10l

contains same fifty techriques fran ABLE (Activity Balance Line Evalustion) to 5
WHISIT (¥here In the Hell Is It?)., It was only tho lack of published information
on the latter which prevented its inmediate adoption, a

In fact there is an interesting dichotary between the practise of industry .
in the U.S. and the UK, In America many firms cmploy network systens dignified A

with & unique acronym which may include their own name, dbut which are

basically FoRT. In the United Kingdom many firms claim to use FERT, whereas in
fact some usc unique systems based on the memory of one of their exccutives of a
half-day session a2t a management training course held some time apgo, and which are
not PERT at all,

The proliferation of techniques is more apparent than real, They may be

divided without significant loss of pracision into two types: bar charts and

networks, .

2.1 Bar chart technigues

A bar chart is a grephinal model of a project in which each aspect to be ;
represcnted is shovn seperately as a bar or line., The bars are normally displayed ;
horizontally agzinat a tire scale, and can thus be made to irdicate the teginning ;
erd ¢id of work on cach aspect. This infornztion can be extinded by width
modulation erd/or colour coding to show thc magnitude ard type of effort and

facilities involved, in exarple is shovm in Fige1.

|..LAM“M’ aw o I

Tais type of chart can be of assistance in allocating effort and rcsources
from 2 limited pool, It can 2lso be used to develop or check the develorment cost

plan requirzd by 1L,0.A, of its terderers and contra.ctorsb'. It does not show the

inter-deperdence of the verious activities, Another limditation is that the only {

events which can be alloczted a point in the time scale arce the beginning ard erd

of each of the activities displayed. If the number of bars is extended to include | -
all the significant cvents, even in quite a small project, it becomes a very

long and confusing strip of paper, It makes no provision for the evalustion of v
work in progress, i,c. progress elong each bar, and thus is of no assistance to

the manager in measuring achievements in terms of time and cost against his targets.

The bar chart is most usceful in resource zllocstion for production
programmes, ard for the presentation of a very broad (though possibly misleading)
picturc of a project to higher managerent, It has, however, been develeoped in

various ways to overcone its limitations,
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1.1 Gantt cb_:artsb :

It is common practice to rofer to all types of bar charts by thic

title, but strictly it refers to production scheduling charts of the type

shovmn in Mg, 2, ]

This is a shop loading chart which shows thc scheduled time for the
oamplction of cach item as an open bar and the perfornance actually achicved
as a solil bar, The systom was devised by 4. L. Gantt to assist with
munitions production in America in the 1914-1%918 war, It will be noticed ; :
U thot the system does not 2llow for uncertainty in the time of completion of

cach activity,

Although it is limised in scope, many varionts of the Gantt Chart have
been widely cprlicd in Ird:- “ry and it has not been confincd to the preduction
situation for which 1t was originally designed., The prescnt writer has used
the techrique in progressing the activities of a nurber ¢of contractors msking
similar items of instrumentation, Perhaps the most valuable results were

achicved by displaying the Gantt Chart on the office wall, so that the lagging

contractors could be spurred on by the visibly superior efforis of their

competitors,

3¢1e2 Line ol balance

This technique has been applied almost exclusively to production planning,
and is thus of limited interest, TFor this reason it is not described here,
There is a brief but clear explaration in Folaris I-hnagermntéo Its purpose is : %
to hignlight the oreas in which production is falling behind;, amd can show
where the remedial attenticns of management should be directed. In other words,

the technique is directed towords cehievenmsnt of the "manapement by exception!

prirciple in that only those componrents which f2ll zignificantly below the line

of bzlonce need be hastened, l
3,1.3 lilestons charts

: Another technique for increasing the vsefulness cf bar or Gan%i charts
ia the control »f R, & D. projects is the milestorne method., A milestone is a

. carefully defined situation in the lifetime of a project; lor example, tue
deiivery of the first prototype or the completion of manufacturing drawigs,
These milestones are usuzlly shown by a numbered asterisk or arrcw against the
rarticular bar of which they form part. The position of the milestone is
established by determining the point in time when it ought to ccowr if the prreoject

is to be canpleted on schedule.

. e P e - g A ®




This teahnique has been used quite extensively in the control of
Ministry projects. The "developuwent plan" whick iz a mandstory part of
the docurentation specified by G.W./S.A. Preject Costs in their contrectors

development costs plar.sl*, is to be n milestone vor chart,

Like other forrs of bar charts, the milestone method does not take
account of the interdeperdence of activitics or milestoncs, reither does it
allow for any urcertainty in estimated times for activities., Refercrce 4
does envisage that the milestore chart may be derived from a network, in

which case these limitations need not wrply,

3.2 Hetwork technilques

The next step in the evolution. of graphicel medels of R, & Dy projects
was the network. Fig,3 snows hLow it was derived {'rom the milgstone bar chart
by introducing lines linking the milestones to irdicate the constraints which

they impose on each other,
A good account of the backgrourd te this development is given by
MillerY. Several studies carried out in the Unated States showed that military

ard comercial development and oroiustion programnes had vastly cxecaded their

estirated time and cost, Tris led to the developrnent or the Critical Path i
Method (C.P.M.) by . R. Walker of DuPont erd J. E. Kelly of Reom 1;&1,0.*‘-38.:‘.618. :
Irdeperdently, ard at the same tinze, & rescarch team in the Havy 3pacizl Projects
‘ Office developed the Prograrme Zvaluation and lleview Tecnnique (FERT) for the

: fleet ballistic missile prograrne, otherwise Polsris, The first published paper

» >
: N . . acn 9 | i

on PZRT appeared in Sertenker 135% 7,

Although the two techrigques have the sane besis ard many similarities,
their vocabularies are different. To aveia confusion, this paper ~ill use the
PCRT vocabulary exclusively, In the origlinal form, C,P.M, included cost as a

parameter, but PERT did not, 4n extension of the FERT technisue to include cout

has since been rade and this is known as PERT/COST., This has led to the original
version of PERT being knovn as DERT/TILE., The distinction also v.:.l.L be made in /

this paper,

The basic netrork technigue used for both C.P.i4 and PERT involves the "
construction of a flow diagram or network of "events", shown as circles or -
rectangles, and "activities" shown as arrows, The event is defired as a distine
guishable, unambiguous point in time that coincides with the beginning and/or

nd of a specilic task or activity, The errow shows either a specific activity 3
which rmust necessarily be completed in order to achicve the event to which it -

points, or a corstraint w‘nic‘n, vhile not involving time-conswning activity,




nevertheless governs the achievement of the event. This latter is known as a
"durmy activiiyT, The acnievement of any event will be governed by one or more
activities, and it will initiaete cone or more further ectivities, the first and
last events being excepted. Thus, all the activities in the project are shown
the nelwori in thoir sreper order and in their cerrect relationshly to each

other,

o

Ustirates are made lor the time 1o be taiten by cach activity, and it is

ct

thern possitle to canpute the total tine to reach eny event in the network from
the start. From this can he deduced the activities which ucternine the corpletion
date of thc project ~ the "critical path” through the network. It is in this

analysis that C.P.i, ard PERT differ, A fuller treatment of network construction

is given at Avnpendix A,

2,2.17 The ecritical path mothod - C.T, M.

Up to the point of the compiction of the networik ihe techrniques used in
C.07.. . ard YIRT arz identical, although as mentioned cbove the terminology is
dAifferent. The C.P.1% model is deterministic, that is a single time estimate
is mede for each activity, and no allowance is made fer uncertainty. TMurther, in
the origincal 3,7, systen. it was assumea that the cstimator would be on

sufficiently fariliar grourd to maxe a cost estimats as well. From th

i

tin. e
it i ¢ to deduce the total tine ard cost for the croject, If the total

rousibl
tine 15 too great to meet the scheduled reaouirencnis, a second set of estimates,
knowvn as "crash'" is made, The crash cestismates for csch activity arc the minimwm

-

possible time for its achicvement, and the windmar, but infla

+

2d, cost involved.

p

Thus the noimal ostinaius regroesent the most cconcaical way of cerrying out the

'g

rojecct, ami tne crash estimaies the quickist,

Pro: the normal ord crash schedules a third schedul s is developel to
determineg the mininan cost to mect the erash tiie schedulo-by reverting {rom crash

Fal

to normal thosc activities which have sufficiunt slacik, i.<, those activities

which rave time in hand on th2 cerash schedule, further schedulos mey then te

produced ci arbitrary times between normal and crash in order to gencrate a

"+ime/cost curve! for the projoct. Prowm this ard from knowlodge of the customers
V.

reguircinents, a firal "optuswr” schedulc for the project is prepared.

It will be evnarvnt that to carry out a meaningiul analysis of this kind,
the manager must have available accurate cstimates, both in time and cost, for
cach activity, It is assumcd in C.P.li that these estinmtes will be made on the
basis of past exoerience, The method has beon applica with considerabls success

in production and civil ongincerin; projocts,

i
1
!
!
i
i
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3.2.2 The prograrme evaluetion and review technique = PERT/TD/E

o

The major difference betwecn PERT/TING and C.F.}. is that the former is
~a stochastic model, That is, it takes account of uncertainties in the times
catimatea for irdividual activities by expressing them as distributed variablies,
I{ asswres a teta distribution with a stardard deviation (o) of 1/6th of ihe
range., Of course, enginecrs are not accustomed to cxpressing their estimated
times for sctivities in these terms, urthemiore, rigorous network analysis
would prescnt formidable prablems, including the sclution of a cubic equation,

o

3 to find thc mean ard variance of each distributed variable.

3 Tne PERT tochnique uses a simpiificd appreach to obtzin an "expected time"
and variance for cach activity., Three time estimtes arc made for each:
optimistic - T,y most likely ~ tm, ard pessimistic - tp. These are carefully
defined - sece Appondix A, A welighted arxithmetic mean ¢t the three then gives

the expected time - te.

. ~'>t°+l+tm+t
e 6 *

Sirce the rangse is defined by the optimistic and pessimistic esiimmtes,

the variance, is given by:

2 't“- t\2
[e2 (t ) = <'E“—‘9'> .
e 6

The natheratical basis of this simplification is not rigorous, and it is
knovm thet there is 2 slizht bias towerds an optimistic result, However, the

equaticus can be regarded as empirical rules which have ' 2en applied successfully.

1
; Appendix C describes thc PFERT model of an ectivity in more detail,
. Trus tne stochastic model is converted into a deterministic one in which the
elapsed time to reach any cvent can be calculated by adding the expected times s
for the activities in the longeat path to it from the initial event, and a measure

of the uncertainty can be arrived at by adding the variances., This measure can be

used to arrive at the probability of the event meetirg a scheduled date,

To thins end, an aszwirtion is mede that, where thore arc a substantiel nurber
£ activities on the critical path. the distribution of the possible total elapsedi
tires for the path will approach the ncrmal (symmetrical) distribution, The
tneorctical Jjustification for this assumption is the central limit theorem, which
holds whun there are a nuwrber of activities (e, g, more trasn ten) and tneir ¢

irviividual distributions arc random, Ti.¢c probability of meeting a scheduled date

i i aga—em e o o e
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is fourd by expressing the difference between the scheduled time (Ts) and the

total cxpected time (T,) in terms of the standard deviation:

T, - T
s B

o3

The result is compared with a set of provability distribution tzbles to give

a figure for the probability of achieving Ts.

This approximation has been the subject of criticism. It deperds, inter
alia, on tne assumption that the critical path is "enough longer" than all other
paths through the network for the latier to be negligible., In practice, this
situation does not of'ten obtain. If parallel paths of duration approaching that
of the critical path cxist, the probability caleculation will produce an optimistic

answer, The point is dealt with fully in Para, 5.6(g).

It can certainly be argued that most mansgers are not statisticians, and srec
liable to m2ke inaccurate deductions from statistical information. One of the
Toremost practionerz of PERT in the U.K. has privately infoimed the auther that
he does not cstimate probabilities, but merely uses the varianze of the objective

event as a rouzh zuide,

However this may be, the PERT algorisr dees provide the mmnager with a sub-
ctantisl amount of informa*tion about his project which he is unlikely to cbtain
in any oliicr way, to usc as he thinks fit, Ir considering a mathamatical model
of tris kind, it shovld not be forgotien thai he can introduce a poverful

compensating mechanisn into the computaticn -~ himself,

T™ec size of PrRT and C.P.1L networks m~y range from parhagss thirty cvents to
nary thousands, In goneral, thers will be about fifty per cent more activities
than cvents, In 2]l but the smallest projecis, there will be more than one
level of paragement, ard each will wish to operatc to an appropriate degrec of
detail, In PERT, this facit is acknewledged by breaking down the total work
content of the project into tasks or "und-items" at Gifferent degreces of detail
or "levels of irdentucc®, The rcsult is displayed as a fanily tree which, 1+ is
cmphacized, 1s not necesgarily rclated to the organisational tree, An cxasple
of zart of the work breskicwn structurc is showa in Fig,Af. Each "block" on the
irce will normally generzte one or more networks, For nutworks of up to one
hurmircd cvents, meraal computaiien is easicst and quickest, at lcast iniliallye.
For nctworks of three hundred events or more, elucironic data procrssing is
almost cssentinl, It scens probable that the mejority of the small projects with

shich this pajur iz coacerncd would generate newwor: s, at the lowest level of

gl D it ik
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indenture, of between one hundred and thrce hundred activitics., In this border-
line region, the computation, though arithmetically simple, is tedious and time~

'consuming. feans of tackling this problem are discusaed in Section 5,

Thus, the basic TERT/TIIR system does offer, in exchange for effort spent
in the construction snd analysis of nctworks, a solution to the majority of the
needs of tiac manager as poatulated in Section 2, It allows the project to be
broken down into fins E.Qtail, without obscuring the major objectives., It provides
a mathematical model off the projeot, which allows for uncertainties in time, but
which does not involve complex computation, It allows alternative solutions to
the manager's problems tc be tried ouf in the model, and the cffect on the time-
scale determired, By having the nctwork and its analysis brought up to date at
regular intcrvals, he can cnsure that he is adequately informed on progress, and
take atcount of any nceessary changes to the programme, Most important of e11,
the PERT system directs the marager's attention to parts of the project that are
likely to lag, before they actually dd so, It is the management by cxception

technique par cxcellerce, o

The disadvantages of PERT are that it makes a significant demand on the
manager's own tine and thet of his subordimates or contractors; the statistical
part of its data cutput is open to misinterpretation; its performance is
absolutely determined by the validity of the data which arc fed into i, It
dees not includc o forral process for evaluating the accuracy of the providers of
this data, which could be done by conparing past estigates with the time sctually
taken, The conscientious manager docs no doubt generate "calibration factors"
for his staff, but there is no rcason why inis process should not be brought into
the open so that accuracy may improve, Its imglementation has also been known

to cut across organisaticnal hierarchies, but this moy not always be a disadvantage,

L CHOICE OF THCHNIJUE

The reader hns known from thc beginning that PERT/TILE was the chosen
technique, PFor those vho are prepared to take the job of management seriously,
tho advantages would certainly appeer to outweigh the disadvantages, There were,

however, other reasons for the choice,

In its activities, Spnce Department is involvad with a number of rescarch
organisations amd catablishmonts in the UK. and abroad. Among tham are
The National Aeronautics and Space Administrotion (N.A.S.4,) in the United States,
The Buropean Launcher Development Organisation (E.L.D.O,; and the
Veapons Research Establishment of the Australian Departirent of supply., All these
orgenisations use PERT, A mumber of firms in the British acrospecs irdustry use

[l
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it or are dabbling with it. Of the onec hurdred amd twenty one firms and
divisions of firms in the acrospace industry of the United States listed by'

Frmubcsj, one hundred and scven were using PERT or a close derivative,

PERY thus nas at least the makings of a universzl "language" for communicatio:n
of informaticn about projects and their managument, In particular, satellite
nctworks could be intcegroted with those for the launching rocket, ard both with
those for the range facilitics involved, In the strictly limited context of the
Scction's own rosponsibilitices, a common longuage was desirable to co-ordinate

the different sub-systems for which it would be responsible,

The choice of PERT/TIME was thus made on two grourds.
best medel, Tully developed, for the special requirements of the mamger of a
It had fourd wide

acceptance among organisations with whica the section was likely to have dealings.

It appeared to be the

small development, or rescarch amd developmant project,

] LiPLTMANTATION OF PERT/TIIE

—ar

5.1 Sizc of project

In Scetion 1, a "small projcect" wis arbitrarily delined as one costing less
than half 2 million pourds, Thure is no doubt that the application of PERT/TINE
to projects approeching this figure in total 2ost will yield substantial
benefits, I we are to take cost as our critzrion, the guestion of a lower

limit arises,

B&tt\;rsbyﬂo giotes as an example a snall networx modelling the preparation
of sweet and sour pork, This was formulated by a menker of the staff of the
College of Acronautics and his vife - presunably for fun. 1t is at leasi
doubtful whether the increass in culinary cfficicncy in their farily kitchen
Justificd tne «ffort involved, I, however, hc hed been invoiwd in the manage-
ment of a Chinese Restourant, incressed erticicricy would yi-:id financial
dividcrds,

This is the crux of the situaticn; in deciding whether or not to use the
PERT teennigue in the monagensnt of o parcticular project ths maznager has to
decidz whaother the tonefit dorived will Justify the expenditurs involved. Thus,
in plant maintennnce, where the efficiency of couparatively small and incxpensive

operations govern the availobility of facilitics of nigh capital value, PERT
crd C,F,, have both been used auccessflly, Tr the K. & L. field, the same
principle npplics, On the time scale of a very small project, a rwen larger

programze may depernd., It is sugpested that, in any case, a project whicn secms
likely to cost £10000 or morc should be considered ne o possilble candidate for

the PERT/TIAS treatnent.

L e Y i
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It is implicit in the foregoing that tha cost of implementing PERT/TIME, as
& proportion of projoct cost. rises as the projsct gets sm&llér. This' i's bhorne
out in prectic., A mumber ol figures have been quoted by various authoritiés,
ard these may be sunrar.sed by saying that the cost of PERT ranges f'rom 0.1 per cent

of projcct cost for very large projucts to 1 or perhaps 2 per cent for small ones,

5.2 Extent of implementation ®

Having decifd to umploy PERT on a particular project one has to decide
how far to go. Some puople merely draw the nstwork and use it as a qualitative
guide to project planning, Others go the whole hog and establish computer .
programmes for generating many diffcerent arrangements of the basic FPERT data for

different purposes, Both these approaches have their disadvantages,

The dift'iculty with the qualitative methed lies mainly in the fact that it is
only in the anclysis that the first indications ot the networks validity or other-
wise are obtained. An unanalysed netivork nust be scrutinised extrenely carcfully
to discover such logical inconsistencies as "loops" (o situation where an event
is its own predecessor, shown in Pig.4) ard "dangles" (an event other than the
initial event which has no predecessor, or an event other than the objective cvent
which has no successor), These faults are quite readily found in manual analysis,
and computcr programmes are arranged so that network validation is the first procecss
performed by the machine, Once again, one must consider the valuc of the infor-
mation obtained, From o qualitative network it mey be determined that Task 'B!
should commence before Task 'A', Vith some oxtra effort devoted to ennlysis,

optimum starting dates for both tasks can be established,

At the other extreme, there is a danger of genercting sc much data in the form
of computer prinf-outs that the menager nas insufficicnt time to absorb them; let
alone base his decisions on them, Couputer time is expensive, ard the writing of
PERT computer programmes is a difficult and lengthy process, However, new computers
almost always havo suitable PERT programmes in their associated "sof tware", so

this difficulty may be expected to disappear in time,

Perhaps the best approach is to begin with manual analysis and, when the
work 1oad becomss too great for the menager or his assistants, to introduce .
clectronic data trocessing later. Sven then, the reports called for should be

limited to those which are sc.x 3]y necessary.

The amount of ef{ort involved is greatly sffected by the degrec of
detuil or "level of indenture" of the notworks, 4 useful rule of thund is
that the longest of the erpected tinics te of the activities at the lowest level

cf indenture should approximate to the technical reporting interval - or the

(B
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interval between prozress mectings,  Another usei™l tazchnique i3 to place an
arbitrary restriction on the unurber of events in any onc network and, if necessary,
to integrate 2 number of thesce small networks by means of milestones and interface

events into 2 manageable sunmary network at n higher level of indenture,

This technique is takoen to its logical conclusion by the Australian
capons Rescarch Tstablishmoent, Thedr system is to produce a number of networks
at the Principal Officer level of their orzanisation chart, this could by said
to be somcwherc between £2,5,0, and £,P,8,0. level, The Principal Officer's
contribution to any cne trials programwme is a small network consisting of no more
than twenty or thirty events, Time estimntes are then made for 2ll the activitics
on the network and these data are transferred to punched cards by the PERT
Analysis Scction. By means of an I.B.iL 1401 Computer, the data on the punched
cards arc transforred to o magnetic input tope for the I.B.ii, 7090 Conputer which
is to do the anmalysis, Since the interface cvents between the networks are care-
fully coded, the project network is, in effect, built up on the computer moster
file, and the analysis is done from this, t is quite ummenessary for the
overall network to be drawn at all and this is not done (except occasionally for
publicity purposes), This technicue does, of course, derend on the aveilability

of a powerful computer with large storage capacity.

503 Inira~mural implementation

It is unlikely that anyone would be able to implement PERT in hi& ovm wWOrk
without the co-operation of his colleagues. He may have o justiiy the con-
sunption of effort to lils suveriors, an? he will need the assistance of other
people in preparing his input cdeta. This introduces problems of parsuasion
end education, The orizin ol thc present paper lay in requests for colleagues
and supericis for the writer to umdertake these functions, It is hoped that
its argumcnts will be enough to convince a hypothetical juror that PERT/TINE
is a valuable tool of management for small R, and D, projscts "beyord all

reasonable doubt”,

In the past, professional consultants in opcrations research have often
been employed by organisations introducing PE2T procedures for ~he first time.
In the vriter's opinicn, this is only Justificd wnere a complex project of great
irportance is involved, There is now a great dcal ol published information
on PirT and its derivatives. It would be gquitc casy, though very tedious for
all concerned, to provide this paper with a bibliograrhy of 500 references,
Instead ol this, a bricf guide to further reading appcars at the erd of

Apperdix 4,
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If the manager is preparced to make a reasonably careful study of published
information, and if he is propared for his Tirst attewpt at FIRT implementation
to be experimontal in character, the need for employing consultants should not
arise, Another useful source of inlomation is the training courses in PERT

techniques run by schools of management and some computer companics.

Once the peopie concirned have absarbed the basis of the technigue, and the
objective event of the project has been definsd, implementation can begin, The
first task is to establish a work breaxdown structure. This, together with
other PiRT/TIME terms used in this section, is fully defined in Appendix A
Essentially, it is a chart in the form of a family tree which def'ines the levels
of indznture (or detail) at which networks will be prepared, For small projects,
there are unlikely to be more than three levels of indenture, at least at the
beginning, The temptation to draw an overall natwork at the highest, or
management, level should be resisted il possible, Instead, objective events for
the lowest level ncitworks should be established by management, and the individual
officers responsible should start to draw their nctworks, It is immaterial
whether they use the "backward metnod" (starting with the objective event and
working backwards), which was favoured by some early IVRT users11, or the mecre
obvious Sorward method, It will soon become apparent that network construction
is an iterative trocess, As soon as the carlizst drafts are ready, all concerned
should confer for constructive criticisn and esteblishmint of interfaces, The
process of adjustment and redrawing of cetworks at the lowest level ol indontuve
will take sore time, and no atiempt should be made at this stage to produce tidy
networks for reproduction, .hon some reacure of agreememnt is achieved, the manager
can select milestoncs and ianterface events {or his network at the next higher

level of indenture,

If this shows that the basic relationships between the detniled networks are

sensible, time estimetes can be prepared.

The choice of estimator for cach activity is on2 of balance between responsi-
bility and experience, Cbvicusly, the individual whe 1s responsible to menagement
for the complction of & particular ectivity must be convinced of the accuracy of
the estimntes, On tiic other hzni, he may not be cufficiently expcorienced in the work
involved in the activity to rake the estimates kimself, In this case, it would
perkaps be best for the preparation of the three time estimates to be undertaken
by a amall group which includes the most expericnced as well as the responsible
people., If the activity iz corplately new, it would be wisc to scck ror some
analagous situation for which inlorwation is availsble. Guesses should only be

used in the last resort,
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As soon as all the estimates are available, a manual analysis should be
perforned, preferably by those responsible for the networlts. The results of
the analyses are likely to instigetc another loop of network refinement and
replanning. There are some basic PERT/TIVE rules for this operation, and they
will be foumd useful. Alternative techniques and plans can be set up in the
model, and their effect on time scales determined. During this process, it
will be found that the critical path is continuelly changing, and it is
essenbial to proceed slowly; bacause, for cxample, enthusiasm for shortening

time scales can lead to overloading of resources and facilities,
The result of thesc labours will be a model (not a plan) of the project,

fromwhich the probability of meeting a scheduled targst date can bs datermined,

If this is acceptable, detsiled plenning can begine This will include the

assignment of personnel to the activitizs, and requests for Drawing Offiice end

wWorkshop facilitiss and the like, 4 programme for revising the networks at
regular intervals should be laid dovm, If mamusel analysis has been fowd very
oncrous, arrangements should be mede for the revisions to be processed on a
computer, The computer programme should be tested by rumning the analysis of

the initial network and checking against the results ol manual analysis,

It may have been noticed that no mention has been made of a "PERT specialist!

or even of a PRRT analysis staff, It is fatel to the whele concept to set up
an indeperndent organisation to run PERT, Therc is then 2 tenderwcy for Project
Enginsers to regard it as incidental to the real work of running the progject.
If this attitude becomes established, PERT i3 no longer a tool of management,

it becomeés an unnecessarily sophisticated reporting system,

504 Extra-mural inploementation

iithin th? Department, this may be taken to include the use of PERT by

Cesign crd R, and D, Authorities to manacge the efrorts of their contractors, and

its use by the contractors themselves within their own orgunisation, The
principles of' implementation set out above are equally applicable, but the
gituation is complicated by the contractual relationship and, perhaps, by the

fact that the contractor may already be using the tochnique,

decause PERT costs money, the recquircments for its use must be made known
to ternderers at the outset, i.e. they must be stated in the tonder documents.
If it is decided To introduce it during the lifctime of sun existing project,
it should be incorporated in & contract amendrent, Iven if the contractor is
using PERT internally, it is unsatisfactory for a design authority to have to
ask for the substantial amount of work involved in rescheduling the Jjoo,

when he has no contractual right to do so.
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Wnen PSRT is alreedy being used by the firm, a conflict may srise between the
intentions of the Project imnager, and the procedures alresdy in use, ‘hile
the possibility of a reasommble compromise is not wxcluded, there is much to be

Baid for apecifying precisely whot is required of prime ond subsidiary contractors,

This point is pursued in the noxt section.

There is a strong ergument for an approved procedure to be laid down on |

an Establishment - or Departnent - wide basis, but this reaisces larger issucs,

#When an otherwisc suitable fimn has no expericnce whatever of nctviork

eizbudl

techniques, the quastion of training arises, It is not unreasonable to ask

il

that the contractor should undartcice the trazining of nis own peraonncl at his
own expense, but a simple mamal of basic techniques and operating precedure
could well be provided by the Department. An example off such a mamial might

be Appendices A ard B of this paver,

5.5 Apvlicztion cof thc PERT/TINE rulcs

It is the cuthor's contention that any manager sctting out to use FERT
4

for the first time should be prepared to adhere to the bhasie rules sot cut 3

in Appendix A. The men who adds a feow cross-linking activity lines to a
Milestone 3Bar Chart amd thercby imagines that he has constructed a PERT network !
N &

is not only deceiving himesell about PERT, he is deceiving himself about his

project. His netwerik is unlikely to te a valid model, and any analysis will

yield rdslcading answers,

The critics of the F3RT algorism have guncrally taken the view that it is

an over-simplification, ard there is some truth in this, Any further

simplification is, therefore, likely to be dangerous.

There is conversc tendency; to attempt to overcome the limitations of the
PERT techniqgue by cxtensions or variations of the computation, It is suggested,
however, that the best basis for werk of this kird is experience of the existin

’ L 14

systom,

Another rcason r'or sticking to the rulvs is the desire to proserve the

comaunicetion capability of' the technigue. Indced, the basic rules allow

sufficicnt altermatives to endanger tnis, For this reason it is recommended
>

that, befeore the introduction of PERT on a new projoct, a set of operating

instructions should be drawn up, These would be supploumentary to the basic

rules and would ensurc the cohervnce of netwvorks zad analyses prepared by different
coniributors to the projecct, 3Such instructions have bcen drawn up by the vriter

Tfor use by his own Scetion, and thesc are rerroduced at Apperdix B, It is
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considered essential that, particularly in the case of contracters, such
requirements are made knovm at outset, It is, of course, essential that they
be included in the documentation accompanying competitive tenders, so that
the firms oan include ths cost of PiRT in their quotations. They can also be
required to include preliminary networks and analyses with their +echnical
propesals, and the operating instructions will ensure that the efforts of

competing fimms are directly comparable,

It is intended that the operating instructions will be appernded to the
dcsign aim for the progject, together with a list of milestones, Thesce are
events which are considered by the Desizn Authority to be of particular
importance, and which the contractor is to include in his ne*worke They may
be derived from the Design Authority's own network, but this is deliberately
excluded from the documcntation, The reecon for this is that PERT/TILE is
esscntially o "bottom up" system, TImposing the Design Authority's management
level retwork on the contractor would place artificial constraints upon on
his dctailed networks, ard mizht tend to invcdidate then, Indeed, it is
argued by Bovcrie12 that a list of milestones tends to have tnis effect, In
the present writer's opinion, this is going toc far, The mancger ought to
indicate stages during a project 2t which, for instance, design reviews are
rcquired. Hevertheless, the list of milestones should be confined to the
necessary minlmun end no attempt should be mede to provide it with scheduled

dates, 4 target may, ol course, be sat for the objective event,

Vhen the contractor has completed his networks, the manager must be prepared
to co-operate in resolving conflicts between them and his ovn, His realisation

of the problems may nct be the best,

It mey be of interest to examine some of the other rules in Apperdix 'B!

and the reasons for their inclusion:
(a) Frocedure

The procedure laid down is intended to [ulfil two main objects, Firstly,
to ensure that the PZRT network and analysis really are prepared as a2 gemine
attenpt to schedule the project, 7The best way is to insist on their inclusion
in the contract proposal., Their merit should be given full weight in considering
acceptance of tenders. Secormdly, tne vrocedural requirements are intended to
ensure that thc contractor keeps his n2tworks and analyses-up to date, Not
only must ne "update" them at each reporting interval, but the updating must
be carried out within the week immediately precceding the reporting (or progress)

neeting,
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(b} Events

Hetworks are to bo event criented, There cve two schools of thought
about this, It is often suggosted that hecause activities represent what
actually has to be dons, the networks should be formed from labelled activities
and that cvents should merely be nurbered conjunctions or activities to
fecilitate analysis. This contention has some eppeal at the working level,

but it does not meet the regquirements of the manager.

PERT/TIVE is not very good at evaluating work in progress, sc the
marager, who is concerned with what has actually been achieved, must look to
canpleted events es his main source ol infommation on progress. If events arec
not defined, as in an activity oriented nctwork, this information is hard
tc come by, TPurthermere, a large activity oriented netwerk is very difficult
to read Tither the descriptions of the activities arc written along the
sctivity line, which makes it nccessary to spread cut the notwork, or they are

listed separatel which makes interpretation tedious amd difficult,
T s

In an event oriernted network, &ll the quelitative information is
included within the event symbols, Thus the network can be scli-contained, with-
out groving o inordinate size., Murthemmore, it is much easier to produce an
activity criented analysis from an event oriented reivoric than the converse.
Examples of event and activity oricnted nctworks are given in Figs, A2 ard A3,
13

Fuliterson's rule 7, is specificd for the murberi.g of events, This gives
effect to the proposition that, for any activity, the murber j of the end cvent
must always be greater than ths number i of its beginning event, It has the

advantage that a manual analys

is in approximate chronological order can
immediately be produced from the

e network, ts use will also automatically
detoct logical inconsistencies such as "loops” in the netvork, Some camputer
routines will automaticelly rank activities in chronological order from networ':s
nurbered in random fashio;n, but this can consume: a lot of expunsive comuter

tirc.

The rumber of evenis ir the contractors network is limited for the reasons
given above, ‘

(¢) Activities

Urder this heading in the opcrating instructions appear reiterations of
two basic TERT rulcs. It is essontial thot each activity shall ke the
rcoponsibility of one individual in the contractors organisatior, This is
based on the time-honoured maxim that any manager must have only one bottom

to kick in respect of any ore Job.
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The other insists that the three time estimates are to be made throughout
the project, except lor dunmy activitics a:ﬁ Yor those wiere a precise time
is knowm ia advaice, Dxperience has shiown that there iz a reluctance on the
part of some ;cople to acknowledge that therc is any marked uncertainty about
the tine of any cctivity whatsoever,

(2)  Analysis

Analysis is deputed to the coniractors themselves, This has the obvious
advantage of relieving tne Dosign Authority of the businces ol doing it,
but there are other reasons, Terhaps the most luportant is that ihe contractor
will be more corcerned to ensure the aceuracy of the information wiich is to be
analysed if he has to do it hime<l, Vhere arcas of difficulty arisc hie will
Lave advance noticc, aml be ebls to evaluatc possible remedics before he is
called upon to give verbul account at 2 mceting, Lypericnce ik the United
States has shown that many or the failures of PZRT implomentation have stemmed
from the requircment for PORIE control bsing regarded as sancthing additiomal to
existihg systems of management and control., This is fatal; one way of inducing
the contractor to implonent PIRT properly is to involiv: him as much es possible
in its operation,

Thz operations called for are the stamiard activity-oricnted nctwork analysic

v

showing cxpected times and wvariances, ard a slack path analysis., As previously

c¢rxplainel, these mar” readily oo derived from the event-oricented natwork, il the

events are suitably labelled, within the systan as defined, these analyses may

be pzeformed wanually vithout difficulty., liention is made of an incxpensive

(5 U.3, anllars) corprating aid of tie circulilr s3lide mule f,pc, which may be

used. The contractor is not discouraged from using sophisticated anzlysis

technigues but, to prassrve conerence, the results of applyins the basic TERT

ng

Tormulae are to be shown in any cese,
(¢) xeparts

The intention in this section is to mindurdse paperwori and maximise

informaticn, For this reason, thc reports arc limited to the networs analysis

and the slack path analysis, but the formmn o: the ncetwork aralysis is sc drawn

as to give all the information that could reasonably be cupected from a notwork.

Py

The only manipulation of this Zdzata which is celled for is the slack rath

jor)
(&)

analysis, This dirccts attention to the critical aml sub-critical paths, ard

assicts in finding ones woy about the network, To avoid repcated redrawing

concept of N2 is introluced; this is an artificiel cvent

date, It a2 1ist of cventis sctuzlly
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achieved is vrovided, the "NOW" cvent can be transferred to an existing net-

work by drawing e line which ianterscects ail ac%ivitizs wihdch ere actually in

vy

vrogress, The anpalysis is then performed using "307" as tne initial event,
The only eventuality which would invelve the redrawing of a network is a

change in its logic,

{

5.6 Some pitfalls

Tt is not wnknovn for PALT/TIME to bte adorted by an organisation, erly to

t
be rejected after briel expsrimmce, However, since it has becn successfully
implemented elscwhere, it is arguable that the fault lies with the users Trather
than the teclmdgue, From expericncs, and {rom the litoreturc, it is possible
to sugzest some contron pitfells in implomentation which may account for these
failures, Some of thum hnve alrcady been rentioned, e.ge:
\ >r &) . . - . .
(a) ot ovscioving the basic rales of the technique.
(v) Creating a specialiscd PERT steff divoreed from project management,

(¢} Generating unnccessarily voiwninous enzlysces,

Q
o]
]
B

$
d Producing a rnetwork which is either t ¢ Yo be rzadily undz=rstood
& ]
t

or wrich cen only be urdorsteod by refcronce to scpera s of cvents or
activities,
c) Immesing e manzzoment level network on the more detailed nztvorks,

i.e, using a "top-down" approaci: instead of the corroect "bottar-up" systeme

(f) Tezlsctinz to provide an adequate set of operating instructions (work

stotoent) for zubordimates or contractors,
There are a few additionzl pitfalls that ought to be mentioned:

(g) It is dangerous tu concentrate attention on the criticzl path in a net-
work to {ihe exclusion ol the sub~critical ones, The probability calculations
for achievem:=nt of objective events is based on the asswrption that the critical
peth is "sufficiently longer" than the others for the latter to be neglected,
Tkis assurption is not oiften truc. Ixperience shows that when a network is
rescheduled to roduce the overall estimated time; the reduction of thz length
of tre critical path alinost always rcsults in the crcoation of & new one.

Murthennore, it is possible for a hipghly critical ectivity to be on a non-critical

o)

-1y

ath i7, for instance, there are two activities of egqual importance occurring
n

parallel, aul onc 1s estimated to take marginally longer tnan the other.

F3 e

he slacik path anelysis cen be of great assictance in probing these difTicult
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MacCrimmon and R;,rewec;”r have shovn theoretically that the error between the
PERT-caleulated meen duration and the actual mean duration for a critical path
increases with an increasing number of pareilel patns afxi with their eriticality.
1t therefore behoves the PHRT user to scrutinise parallel paths carefully., It
should be noted that cross-linking between paths reduces tne error, In general,
the FIRT calculation of mean duration gives an optinistic result, because the

uncertainties in the sub-critical patihs arc not included, On the other hand,

the PZRT calculation tends to overstate the standsid devic<ior.,

(h)  When the estimated time for completion oi' = project is substantially
later than the required time, it is normally reschaduled by avplying certain
rules, which are set out in Apperdix A, "hen this is done, it is possitl~ to
achieve a hizhly ingenious arrangement of the netwcck wliich gzives an acceptable
estimated duration, but which is completely Licpossible to put into effect, This
is because the manager has neglected to coasider his resource limitations, Of
course, in theory, new men can be hired and new squipment puréhased; in practice
this iz often not feasible or even justified., ZEvern if it can be done, there
will be & substantial delay before the new resource is operatioral., Vhen parallel
paths are creeted cither initially, or when rescheduling, resource limitation
must be borne very much in nind,

(1) It has already beecn pointed out that the success of PERT is absolutely
tra

deperdent unon the validity of tne data fed into 14, It Tcllows t 21l con~

ceirned in the management and ooeration of a project will be involved in tho
irplementation of PERT, They camnot contribute efifcctively unless Lhey are
adequately informed off the basis of the systas, It follcews that the manager
will have to train his pcople, or to errange for them to be traired by others,
Boverie” ruts the point very nesatly: "Training o
Management ard the Project Engincers must be accomplished with authority and
in detail, for without an adequate understanding of PIRT by thsse potential
users FORT can only hop¢ to be an ancillary, burcaucratic function consuming
time, money and erergy., & comwon mistake is to provide only a surface
presentetion to top management, & surface prescntation can inculcate only
a surface desire to sce the syste: work, and if top maragement is not
enthusiasticelly supporting I'ZRT, the odds are against FERT being properly
employed, " ’

Successful uscers of PERT emphesise the importarce of proper training,
For examyls, in 1963, 670 people atterded the 1HASA PERT systom "workshop", the

15

’
highest attendance of the NASA managoent training programme 7,
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(3) PERT/TIME has been presented in this paper as a completo amd all-
embracing tool of management up to Project Manager level, I it is implemented,
there is nc need fov it to be supplemented by less offcctive techniques, Indeed,

it is positively undesirsble that it should, Humen insrtia is such that the

older techniques will be relied upon because people are used to them, although .
expericnce has shovm that thoy arce inadeguate. In these circunstances, FERT

: will never "get of{ the ground", A

i in effort should thus be made to substitute ?L‘RT information for the older

systoms which ere specified in existing procedures, o, g. the milestone bar chart
r

TS A TRy

the devclopment cost plan, If this camnot be donc, it must be made absclutely .

TV

clear that such crarts smst be complilcd fran PERT analyses,

6 EXPERIERCE WITH U K, 3 DAT: HANDLIMNG PROJECT - 3

The writcer's section is responsible for the design axd manutacture of data
handling ard data astorage equipment for the U,K.3 international satellite, 3
3irce it was of the utmost importence that the various models off this equipment
should be deliver:d to tihe satellite prime contractor on the scheduled dates laid

3~

dovm by the overall Project Mamager, it was decided vo implement PERI/TILE for

At ah bl

the management of the developmont ard manufacture of thesce sub-systems. The {
overall managoient of the U,K.3 project cmploys the milustone bar chart technique,
with intcerdeperdence links, to generate the scheduled dates for the sub-systems.

At

Tre estimatezd cost Tor the data harmdling coquipr.

¢

nt is of the order of £11CX, and

for the dat. storage systom between L20K - £50K, so both come within our arbitwary

definition of a siweall projecu.

The writer nas previcusly permitted himzell one or two generalisztions about
3 the attitude of British firms to PIRT, t must be said at this point .that these

v

corments do not in any way apply to either ol the contractors enpioyed, who have

wobekodoittt] - edsdadblbodd 2,

given their fullest co-cperation.

It was decided to introduce PiRT in February 1564, at which time the electrical

it o b

Zesign of both sub-systeins had been virtually completed within ,4,%, At the time,

contract proposals for the engineering developmernt and manufacture of the electronic .
sub-systers had been made, but f'inancial sanction had rot yet been given. A :
B

satellite technology contract on the agency factory of the General Electric Company

at Portsmouth vas in being, and was used, in part, to support the U.KL3 work on

daeta handling eguipment,

ront ] e daldal

in Arerican PERT practitioner16 has written "after more than two years of

v i

effert, there are still very few Mansgers who arc willing to admit that a single

o dlitas
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significant decision has been based on PERT", In the U.K.3 Prograrme, most of
the significant decisions affecting the deta handling and data storage sub-systems

have been based on FERT, so far without disastrous results,

6,1 Data hendling sub-system

This oconsists of three units; a high and a low speed encoder, aid a
programmer, Some idea of the complexity of the equipment may be obtained from
the fact that they contain a total of over a twelve hunired active devices,

with an overall component count of 2729, '"Worst-case" design was used throughoutc

In February 1964, the electrical design of the entire sub-system was
virtually completed by R.A.E,, except for adjustments at circuit interfaces to
meet requirements which were still being formulated, An angineered model of
an early version was undergoing mechanical design at G,E.C., as part of the
satellite technology development, Thus, the basic circuit techniques and methods
of assembly would be proven, it was hoped, before work on the U.K,3 system
started, In the absence of contract action, it was decided to construct a
detailed PERT model of the project to determine the feasibility of compliance
with the overall U,K,3 Programme, This network consisted of 127 events. It was
found that there was a high probability of producing the flight models to schedulc
but that the short interval between the delivery of the electrical compatibility
model (D.2), and the prototype (P.1) mizht give rise to difficulties. The area
of greatest uncertainty was financial approval and contractual negotiation.
Before these processcs werc completed, up-dating the analysis showed that it
would no longer be possible to producs the D,2 model by the scheduled date, This
Jed to the first PERT-based decision: to change the design of the technology
model, which was on the drewing board and for which components had been ordered,
to the latest U,K,3 standard, Thus it could be used as the D.2 model, at the
cost of somz loss of information on basic technology. The decision was Jjustified.
in that the D,2 model was finished on schedule,

By this time, some information on menufacturing times was forthcaming and,
when the job was rescheduled to take account of the decision on D,?, it was
shovn that it would not be possible to perform all the manufacture of thc variocus
models in series; i.e, to allow for design changes after cach series of tests
on the previocus models. This led to the second major PERT-based decision; to
frecze the design of the baesic furctional assarblies - or brick units - at the
earliest posaible stage in the project, and to accommodate all subscquent design
stages at the sub-assembly level, There was o course a risk of wastage, if eny
of the brick dssipgns were proved to be inadequate. The PERT model showed that
this pisk hed to be accepted in the light of the possible alternatives,

g
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As soon as financial sanction was granted, and terders issued, a party
representing the various design authorities within R, 4.5, visited a1l <he
terderers, Jt was made clear to them all that tie Design Authority for the
data hendling suc-system would require the use of TERT in project managenent.
Four of the seven {irms viaited said that they were already usinz the
technique, but two of these did not seem to know muchi ebout ite The remaining
two supporied their proposals with PURT-based informaation, and one presented
the relsults ol thz full treatment - zight networks tosether with computer

print-out of the analysis,

In the event, the contract was let to onc ol the two latter firms -~ the
Applied Electronics Laboratory of the Gensral Electric Company, which is a
Government Agency Pactory, and the rasponsibility for detailed networking was
at once harded over, Their {irst model was réjected on the grouni that,
although the critical path conteined eight weeks of slack, the variance was very
hish and the model did not allow sufficient time for the insertion o' design
changes, stenming from compatibility and environmental tests, into the later
models, A secord model was then prepared, and this proved to be satisfactory.
It also showed, &s had the R,A,E. network, that there was insufficient time
between D, 2 and P,1 dclivery dates, This situation wes aggravatcd by a require~
ment for a model of the sub-syster to be provided for an early series of heat
balance tests. for various reasons, it had been decided to mamfacture an extra
equipment for this purpose, The G.2.C. netvork and analysis showed clearly that
the strain on rescurces iimposed by the intrcduction of this equipment would
prevent Po1 cquirment being delivered on scheduls, It was therefore decided
to delete this model frow the programme and to refurbish the L.2 model for the

heat balarce tests,

A Tfurther difficulty arosc at this time. Two of the sub-systans of the
satcllite, the data handling and the powsr supply electronics were to be
censtructed by mcans of welded interconnections, The welding was performed
using spccialised equipment in a controlled atinosphers, This made it impossible
to imcreasc the capacity of the welding facility without capital experditure,

The construction of PERT models for both thess sub-systems provided a clear

case for the approval of expenditur: tc increase the capacity of the welding
facility by 75 per cent, and for tha introduction of more efficient utilisation
oi the existing overators amd equipment, They elso provided information on which
the U,K,3 Froject Marager could base dacision on the priorities to be observed

in allocating rosources up to the P.1 date,
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A useful practical point whicl has emerged from this work is that, where
there is & serics of scheduled dates to be met in the course of a project, these
dates should be used as the objective events of a series of networks, This has
been shown to be casicr and more useful than attempting to draw a complete
detailed network for the project as a whole, The detailed networks are, of course,
linked by management level network to reflect their intevdependernce, TFigs.5 and
6 suow the management networks for the data hanmdling equipment on 1st January

and 15th July 1965 respectively,

6,2 Date storage

The data storage sub-system for U.K.3 consists of an erdless loop tape
recorder, The principal design constraints ol this cqipient are high
relisbility, low power conswrption, survival in the launch cnvirorment, and low

weight,

In February 1964, a basic tape recorder design had been established and twe
prototypes had been manufactured in R.A.3. A contract proposal for further
engineering development and mamufacture of srototypc and flight models had been
put forward, but it was in the same state of stagnation as were the data handling
contract proposzls, Consequently, an 80 event detailed PERT network for the
further work was dravn up in R.4.E.  This established that compliance with the
U.K.3 overall programme was feasible, if certain risks were taken, These
involved, [or e¢xample, the conmencoment of assarbly of model F.1 before

~ompatibility tests of D,2 woere complete,

The contract was let to the Atomic ‘/oapons Research Sstablishment, and work
cormenced in July 1264, The g:ontractor"s personnel concerncd had no krowledge of
PERT whatever, but were willing and ready to co-operate. An 86 event retwork
with delivery of the D.2 model as the objective event was jointly established,
A, 7,R,E, suggested that, as the work had a manufacturing rather than a develop-
ment bias, single time estimates should be used, Because of the experimental
nature of the PERT implementation at the time, this was agrecd., It musi be said
that the sirgle time estimates were not rnoticeably more accurate, in the event,
than estimatcs for other parts of the prograrme, For a small network such as
this, the saving in estimating effort was negligible and, subjectivily, it is
felt that the usc of threc time estimates would have marginally improved the

accuracy, It mst be said, however, that this cxercise is by no means conclusive.

STRT has contributed to the iaking of several decisions during the
dsvelopment and menufacture of the D,2 model of the tape recorder, which was

da=iiverced on schedule. Perhaps the nost important of these were decisions to
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obtain alternative clean room facilities at A,W,R,Z. because the room which
was to be constructed for the asseubly of tape recorders would not bs ready

in time, end to reduce the amcunt of testing to bc applicd to the D.2 model,

A further dztailad networic has been constructed by A.W.R,E, for the P,1
ard R.1 recorders. .. managzient level network for the whole projéct waas
constructed at R.ALE, It is sigrificant that, in this example, TERT/TILE
has been implemented successfully by a contractor who had no previous xnow-
ledge of the technigue.

7 DERTVATIVES OF SiRT/TIVE AND C.P.id.

Mention has been made of cartain limitations of the PERT/’J:._‘IME technique,
Both PERT and C.P.il, ere products of Operational Rescarch and, since their
introduction, other practitioners of the art have been tusily engaged in
exposing these limitations sand inaccuracies, Others have been seeking to refine
and externd the basio netwark techniques to overcome them, A comprehensive
rcview of these activitices is outsidz the scope of this paper, but it has been
thought wortlwhile to make brief menticn of those most likely to interest the

rcader, and to refer him to the scurce litcratur. for further infornation.

7o4 Computational wariants

7+1e1 lonte Carlo methods

The basic FIRT algorism turns the stochastic FERT network into a
deterministic one by making an assunption ebcocut the nature of the distribution
of the activity durations, and by naking an aperoxiration to determine the mean
and variance o the distribution, This approach hes the advantage of arithmetical
slimpiioity, but it ic not without error, In this paver, atitention has been
Gravn to known sources of error ard it has been suggzested that the manager's own
Judgement can supprly the necesswry correction.

Arong others, Van S].;,—‘.r.e“7 hes suggested that the errors could be avoided by

use of lonte Carlo simulation, 3By taking the mean of some thousards of samples

of possible project durationz (the distribution being detenained by thie vrobability
functions) it is possible to achieve a much closer approximation to the true mean
of the model, The accuracy achieved can be increaseda by increasing the nurber

of saniples,

If Van Slyke's methads are used, an exceedingly useful by-product of the
computation is available, This iz the probability of an activity being ca the
critical path, The disadvantag:s of llonte Carlo methods iz that they deperd on the

availability of a poverful amd fest computer to perform the many thousards of

-+
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calculstions involved. The manager in the enginczering field may also feel that

he needs an Oreretional Research scientist to drive the camputer

7. 142 Decomposition of large networks

If the reader ignores the advics given in this paper arnd generates a very
. large network, he «ill wdoub tedly (imd it difficult to analysc, It mey even be
beyond the storage capacity of niest ceuruters,  The technigue reconmeided by the
purdits for dealing witn the situation is to decompose the large network into a
number of siall ones which can be individually analysed, and then to regenerate
the original network from the resuliing data, This can be achieved quite
readily by "cut ard try" nmethods, but formal proccdures for doing ro have been
- proposed by Parikh and Jew;:llw, anong others, They deal not only with time

At

tworks, but with cost-tine networks such as C.F.i. and PERT /CC3T.

Teled An electronic analomue

.- 19 .
R, H. Baricer 7 has sugy tronic anslogue of & network might

usefully tridge the gep botween namual analysin wnich is suitable for small
nctwocks and electronic conputation which is really only Justirizd by quite

large oncs, In his proposal, the activity would be represented by a wmonostable

tripger circult with adjusteble tiiz counstant, Conjunctive events could be

<

} simulated by switches driven by tistabilces vihich would only operate when pulses

had becn received from all the delzy circuits

e

his intriguinzy suggestion has great attraction for the electronic engineer,
It shouid he poszible to consirusi an ansiomuc for 2 100 event network for

L L
vriting and provirg a conyuier progranin Likc the

conputer, it could be used ¥ sonets (17 zuita ching fecilities werc

proviasd); but, unlike the computer mning stoowwould b zlizible,

7.2

THTNM -

B In that TERT/TINE facilitates tiie contiruous employuent of resources and the
elimination of duplication of offort at interfaces aud clsewhere, it contributes
. to the reduction of project cost s well as project time, lHowsver, when
~
lalcolm et a12u developed PERD, they deliberatciy excluded cost (or resources),

and systeas peri'omance frem their consideraticn,

Thus, when FIRT/TDE was first introduccl, cost control was carried out

using earlier teschnigues, notably the cumulative ceost curve dorived from mileswone
charts, In this techniguv, the estimzted curalative cost of the project is

rlotted agzinst time, and milcotores are marked on the curve, The actuel

cuwralative cozt is nlotted on the sawms itiece of paper and, providing that actual

5
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cogt does not excaed projected cost at the moment of achievement of each mile-
stone, all is assumed to be well, It is not difficult tc envisage a situaticn
in which, because of slow progress on work contributing to later milestones,

a model of this kxind wonid give a completely mmisleading picture. oimilar
curves are used in the FERY/COST systen, tut a third curve is drawn to show

"value of work performed" (see Fig.7).

FERT/COST isposes the disciplines of PIRT or the planning and control of
expenditure, It usses & network in which the ;activitics are "work paciages" -
which are individuilly ostimated amd costed, These packages ere freguently
formed by grouping together activities in the PERT/TILE network for the praject
which ere related in the nature of their work content and in their direection
to a defined subsidiary objective, The PERT/COST neiwork can however be
completely independent of the PERT/TIME network, so iong as the subsidiary
ob jectives can be clearly defined. 1In either case, the PERT/COST network should
include work packages for such activities ‘,és direct sunervision and project
ranagement, uriess these are covered by o‘\//erhea:ls.

The size of the work packages is largely determined by the requirement that
the activities in sach pacikage shcould be of a similar work content to cenable them

tp be ceparately costed.s It ruight be logical to include laboratory asserbly in &
b Z 13 Y J

ot

package together with machine shop time, but such logic is unlikely tc appeal to the

accountants, The cother factors are arbitrary; the approximete valuc arnd the time
for completion of ¢ach package./ These will topd to be related to total project
cost and to cost rcporting'injférval in the same sort of way as activities in a
PERT/TINS network, /

I/
/
v s T Ak SR PR N CRp -l e T . ) 2 v ~os -
Unlike PorT/TIMS, & mechanisic exists for evaluating work in progress on a
s
/

particular package, Thig parameter is "value of work performed to date", This is

given by the forrmla: /

Actual cost to date x Original estimatie for
corplete packepe

N SR Y AP

Value of x.or;;__ performed = Latest revised estirate
This informaticn can be displayed on a "cosi of work report" which is analogous
to the curulative experditure reports of the milestone system, but contains more
information {s.e Fig.7). This report mzy be prepared for each work package or,
more usually, for groups of packages - sometimes known as eni items, If the
size of the project justifies it, a w.ole fanily of reports can be generated for
diflferent levels of managemnent, i,e, in different dezrees of detail., This is
analogous to the levels of indenture in the PERT/TDLM: system, Tne information

supplied to sach level of management includes the following:

s
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(a) Original estimated cost of work performed to date,

(b) fctual cost of work werformed to date,

(e} Cost over-iur, or unler-run,

{1} Sriginal cstimate for toial cost on caupletion

2test revised estirzte Tor total cost on completion, o

—
[¢]

~
]

(f) Tvojected over-run, or wider-run of iotcl cost.

RTINS

{(g) TERT/TIVE information. i

Ag with P‘.IRT/'E‘E.E, the velue of IRRT/COOT is absolutely determined by the

N

- validity of the infomation fed into it., It may be necessary to slier estimating
ot gl

e

and accounting procedures in order to achieve tniaz,

The foregoing is a necessarily imadequate swmmary of PERT/C03T, which is by
o} sty femry o -1y -~ . .
no mzans so well documentsd as IERT/TINE,  The rost uzelul referaence is probably

D4
te D.0D and L, A5, 4, PIRT/OLGT Guide” ', This was intended by its originators
e

Wperinental system, tut 1t has become an scceptad standard,

£n attenpt was made at the request of, and in co-operation with, G.V./3.A.

Project Costs to apply POOT/CGST to the Uck.3 Data dardling Sub~3jycten, The

management level P‘.R":‘/TIJ-S network was sub-divided into Pl /C0ST packages of ;
redian value 210000, Unfertunstely, theose werk paclkages were ‘too meall fov the

contractors' accounting systorn to handle. 3ince the systam was dictated by the
Agency arrecncut between the firm anl the deparument, it was not possible to
modify it, This is mentioned Yo stress the noint that the introduction of :

sophiisticated systons of projsct control nay stardi or 211 on the wililingness or
i IS v J

© ¥
alility of those conserned to alter their existing proccdurcs.

WAL i ot ._me‘m~ bt ok st Bk s

5 7e3 LS5 - Lgast cost estimaling zd scheluling

his is a network based technique derived from C.P.il.  Its purpose is

|
!
]

Tols ITRIS = Prograrme relisbility informasziion svetes for monazsment

originally by the PE¥T/TIIE tear -~ technical performence, Like PIRT, it was :
developed for the U,.S, IMavy Poloris rsrogramme, ana its methods are derived from E

it b ’ 1
Piz?, It uses two independent measures of reliability: 3

"

a measure of comgliance with the plamned reliability

.
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(b) RBM ~ relisbility performance mecsure

This is a prediction of ithe eventual reliszbility of the equipment concerned,
which is continuously revised thrcughout the development process,

The author has becn abl: to fimd practic&lly no puvlished information nbout
PRISH, but the objective is 30 impertant that Turtacr ¢llorts will be mede,

.
7.5 RADE ~ Resource allocation and wulti-croject scucduling

This tecohnique is kased on ‘ER‘ ard C,P,15,  Its object is to allocate
resources - i,¢, people, lacilitics, matorials ewd finance, amonyg several projects
according to a delined managoment palicy. Such a policy might involve completion

] of one or more projects in the shortest time, completion of all projcts at
miniman cost, contimious enployment of labour or facilities, or some corbination
these, The system wes devised by CIIR Inc., and is quite fully described in

reference 22,

7.6 The decision. box netvork

A1l the project managenent technioucs hitherto descrived assume successiul

‘ completior, not only of tue project, but of each activity within it, In a vesearch

sroject this situatior. is unlikely to obtain, Zven in a development projzct a

np

ire of attack in a difficult area may prove unlruitful, and an alternative nust

: The epplicavion of retwork technigues to this situation was first considered
: —_ 2 ; y w (T . . -
by Zisner 5. He proposed the db (Decision Box) networl. This allows the use of

A

alternative paths to achieve the szise object. These may be conjurctive - if they

w

| are both to be atterpted, or disjunctive il only one is to be tried., The alternative

paths may merge to arrive at a xnowm ard fixcd

&

jestive, or there may be several
vossible outzcomes, If the latter is the case, Lisner's niodel allows thoe probabi-
b b

lity of each outcome occuriing to bo caleuleted,

(8]

. 2 . . e
In a recent article b Scott ard Hepkirs stress the danger of applying FPERT

\ s

and C.F.lu. teunmuueo, as they stan?, to projects where there is a substantial

element of ¢ that particular activities will not be canpleted successfuily. B

Tney, too, suggest the use of alternative paths in networks essigning provaui-

lities to eachs They also allor the use of "recursive loops" %o accoimaodate the

situation when an activity has proved to be unsuccessful, and the joo must be

i tried again a different way, :

Some such crionzion of the basic FORT wmodel would urdoubtedly be of' value

in tie manegenent of rescarcn amd might elsc be applicable to more edvonced
& &

tevalopinent projecte,




& CONCLUSICNS

8¢1 The basic PORT/TLNA technique is an offcstive model for management of small

Trojscts,  Its deficiencies can be alluved for by the use of hunan judgement

1]

bacauce tie scale i3 sxall,

3
1
i

I~ . . . . - .
802 Since TLUT/TILG and its varisnits arc Ly far the most commenliy used techrnique

-
e
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~ad coumwunication

8.3 TFor suceessful imrlemintation, soncthing approaching an act of faith is
reguired - oxisting techndguss must be abandonsd, and project maragemont st

operate the tool itscly, it should not be delopatid to a specialist group.

8.4 It is uighly desirable that the procedure to ve adopied shoull e clearly
estchlished, An example of such e procedure is shovn in Appendix Be

8.5 1t is toc socn to attenpt to evalunte tre effcctiveness of EIRT/TLE as

applied to the U,K 3 Data dardling and 3torage Sub-3ystens, It is not suggestad
that the decisions maie with tne benefit of FEZAT would not have been nade without
it, liovever, they were made ezrlier and with more confidernce in the ocutceme than

would otnerwise have been tne case, ad concegusnily wers more effective,

8,6 sugiested that, for initial implementation, the hasic rules or
ERY/TILE should be adhered to, there is no doubt trat Turther develepmonts of
the tecnnique are desirable, In particular, technijues Tor cs3t control such as

PLET/I0ST, and perfonrance and reliability predictions such as PRIZ arce necded,

Another area where 0 work 1s reguired is tihe research projset, in which

1

the ouicare is in doubt. A techniqus alonz the lines of the decizion-bex network

is resded here,

8.7 There is ro doubt that the use of matheraticel ard cybernsiic modelis in
managesent is growing, .lready imoisls of larze business enterorises ard of stock

-

warikets are being consiructed, Serious consideration is being given tc malels

of a nstion's entlre econowys %o maize it possible to damp out ths allsrnate cyclec
cf boom ami recession, Trere mzy be a place "1 ransgenant in the future for the
men who declines to corsider the use ol thust techuigues, bui it is lilmely to be

a 10wl one,

9 ACTITY e
The anthor wishes to acknowledae the encouragemoent and forbesrance of
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A,1 The besic corcept

PIRT o en acronym {or Frogramme Evaluvaticn ard Review Technigue, Tha
mechanism of its evaluation ani review processes iz a model of the prezramme.
Tnis modz)l can be described as a logic diagram, flow chart or, more usvally,

a network, The technique includes procedures for aimlysing the mxlel to
establish time relationships between different Tarts of the progrumne and, in
pariticular, to establish the seqguence ol activities which determines the total
time talken for its completion, This is the "ecritical path", The technique
takes account of uncervainties in tlme-scale, such as may be encountered in

researcin and development projecis,

If tnis ¢valuation leads to a viable plan f'or the project, the progress

of the plan :ay be revicwed by the techrique. This is achisved by "up-dating”
the model, i.e, deleting past havgenings and revising estins tes, at regular
intervals, Trom analysis of the up-dated mcdel, it is possible both to review

prorress, and to predict areas of diflficulty vwhich will Jeoravrdise thz nroject
- J v - -

Tris Appeniix describhes thne model and its yrocedures in chronolozical order,

je.e, the order in which each would be met in implementing the technique,

£,2 Vork hreakdiown structure

In 21l Tut the smellest nrojectis, there will be several lcvels of menugerany
and =upervision, armd each will wish to operate to its own particular degree of
detaile In the PIRT model, this fact is acknovledged by breszking down the tetal
woryx. content of the project into itasks or "end-items" et different degrees of
detail cr "lzvels of indenturs", The result is displayel as a family tree which,
it {5 emghasised, i not necessarily releted to the organisaticns) family tree,

fn exaizle of part ol a work bLrealdown structure iz given in Fig, Atl,

H
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izl that, beforc the work breskdovm structure is established, the
objuctives cf the procct arc definred, clearly end in details It will then be
posninle for the objectives of each task o be delinzd with eqal clarity, Toe
next operation is to construst a model ~ or n2twork —= for each part of the

roject at the lowezt level of infenture,

Aol The nelwerk

Tne network 1s a chart canmpoced of two wr © types of symbol; activities

ard events, Theze ere defined as follows:

[
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(a) Resl activities

These are the time consuming events of the project, They represent real

vork and involve the employment of labour or resowrces, or bothe

(b) Dumy activities

These are constraints whichk, while not themselves consuming time or
resources, revertheless govern the logic of the network ard the achievement of
objectives, An example of such dunmy ectivity would be the urndesirability of
commencing the mechanical design of an electronic assembly until the circuit
design was conpleted. In additinn to such naturally-occurring durmies, avtificial

ones ar= scactimes introduced to maks a network easier to decirvher,

{(¢) An event is deiined as a distinguishable, unambigucus point jn time
thzt coinsides with the beginning and/or emd of a specific task or activity.
The achievement of any event will be governed by one or more ictivities, end it
will initiate one or more further activitiss, The initial and objective (last)

events in any network are obvicus exceptions to this rulee.

(d) Interface events are those which simultancously form part of rore than

one network, An exampla of this would be decisions on interchangsebilily between

parts of a large systems,

It will ke noticed that no mention is made of interfacc activities. The
reasons for this will become clear 2s the description proceeds,

n

The universal gymbol Tor an activity in both FERT and C.P.M. is the arrow;
dwmmy activities are sorstimes distinguished by dotted arrows. Various synbols
are used for evenis, Lut they all involve an outlined arca in which information
can be written, It is usual to distinguish between interface amd ordinary cvente,

The sybols used in this paper are shovm, with a key, in rig.42,

It will be fourd in practice that a valid modzl of any projecs, of wnich the
eventual outcome is not in doubt, can be constructed by comnecting activities
and events together to form a network. This statement is subject to the proviso

that the folloving rules are observea:

(1) Zach activity must have, and may be defined by, predecessor ard
successor evenis. In the same way, cach event must have one or more predecessor
activities and one or more successor activities, exccpt for the initial and
ob jective cveunte.

(i) Jlo sctivity way comuence until its predwcessor event has been echie e 2
Zimilarly, ro ovent is achieved until all its predecessor wctivities lave been

conplated,
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These two rules govern the logic, or as some writsrs will have it, the
topology of the metworlk, Thoeir importarnce camot be too greatly stressed,
Arising from tham there are further procedural rules:

(iii) No event may be followed by a series of activities which lead back
to the same event, This logical fault in & network is known as a "loop" and
it is illustreted in Fig,4e Although the example shown may scem obvious, the

formation of loops is by no means uncommon in complexX networks,
p

(iv) It is not permissibie to define two concurrent activitics by
reference to the same predecessor and successor events, even if this would be
an accurate representation, The correct way of handling this situwation is to

introduce a third event and a dummy activity as shovm in Fig.Ale

(v) 4 single event may not be used to initiate successor activities which
are not dependent on all its predecessor activities, Tris rule is illustrated
—_

in ¥ig,A5; in this we assume that activity L4 is dependent on both activity 1 ard

activity 2, but activity 3 is dependent on activity 1 and irdeperndunt of

-activity 2, In this situation Fig.45(a) contravenes this independent activity
‘Tule, but A5(b) does not,

(vi) No real activity may be shown as more than one activity linc in the

-network, Onc sclution to the problem which arises from the situation swnown in

Pig. Aé(a) is an optioﬁal rule which requires each real activity to hove unique
predecessor and successer events. The application of this is shown in :‘ig.AG(b),
in which two dumy activities have becn introduced. If the rule is applied
throughout a network however, many umnccessary dumny activities arc created. It
is usually considered best, therefore, to confine the use of unique predecessor
ard/or successor events to those situationa where rule {(vi) reguires it, or where

ircreased clerity of the network is obtained by its use,

Once the initial event is achieved, i.e. alter the progranme has started,
rule 1 may still be observed bty using an artificial event "NCI" as the single

initial event, As time goocs on, NCU succeeds cach event as it is reached,

Hetworxs may be event-oricnted or activity-oriented, The difference lies
in the way in which the activities are defined, In an activity-oriznted net-
work, the activitics erc defined by giving tham a plain language description, and
events arc merely mumbered conjurctions of activities to facilitate anclysis, as

in Pig A3,

In an event-oricnted nctwork, the events are defined in plain language and

numbered, and the activitics arc defired by quoting their credecessor oad successor
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events, as in Fig,£2, For management purposes, the eveni-oriented network is

usuzlly preferred, although at the working level, therc ia something to be said

for using “hs activity-oriented nuiwork,

Both types of network may, with advantage, have the muwbers for the events

determincd by TFulkerson's rule., The proccdure is as follovs:-

(a) Rumber the initial or starting event "i",

(b) Pelete all the activity arrows crerging from the nurbered events
(iece "1" in the first iteration). This will generate at lcast one new initial
e¢vent,

(c) Tturber all the ncw initial events "2", "3" and so on, in any order,

(d) TReiterate (b) and (c) until the objective cvent is reached.

The use of this rule will asutomatically deitect logical inconsistencies in

the network, It also makes manual analysis ruch easier than if the nunbers

were 2llocate in randem fashion,

Ael Time estimrates

When the network is complete, a time estinnte is made for each activitye.
Vhen the time is known preciscly in advamnce, this is stated as a nusber, usually
in units of wezks, to one placc of decimals. In a Zesearch and development
prograure such estimates are ucually confinel to duwmy acctivities which are, by

definition, time zero and, perhaps, procedural activities,

Tor all other activities, it is likely tioat some urcertainty about their
duration will exist. Thils may be excréssed ztatistically by considering the
activity as 2 distributed variable. The range of each distributicn is determined
by optimistic amd pessimistic estinntes, and the mode (or peak of the probability
distribution curve) by an estimate of the "nost likely" duration., These estimetes
are given the symbols to’ tp ard ‘cm respectively, &An 1llustration cf three
possible probability curves is given in Mg A7. It was decided by the origimtorc
of the teennigue that, of the known probability distributions, trat which most
neorly fitted the practical situstion was the beta distribution, The mean oc
expected value of this distribution is that which divides the area urder the
prebability curve into two equal portions. This is called the expected time - ten

ie probabilities of conpleting the cctivity carlier or later than te arec equal ~

at 50 per cent.
The rizerous calculation of the vzluc of tc’ ard its stundard devioticn,

tediousz, However, o simplified arithmetical approach is used for PERT

e
calculations, The expected time is definsd by the feormula:
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t +1+tm+t

)
te' 6

arnd the stanlard deviation is defined as one sixth of the range, In practice, the
variance (square of the staniard deviation) is a more useful quantity since it may
be added arithmetically along a path of meny activities to give the variance of

the expected time for the wholc path, Thus, the variance is given by the formula:
t. -t 2
A (4 ) = {_1__2} ]
e 6

It may be scid that the proof of these formulae has been the subject of some
controversy, but they may be regarded as empiricsl rulecs which have been applied

successfully, Appendix C describes thc PERT model of an activity in more detail,

It is assumed that the estimates will be mede by the person who hes most
experience of the typ2 of activity concerned, It is therefore necessary that
each of these persons should be given a clear definition of each of the three
estimates, Statistically speeking, the optimistic ard pessimistic estimate can
be defined as cach having a 1 per cent probability of occurring on any one occagion
and the most likcly time is the mode of the distribution. However, this informa-
tion is of 1ittls use to those unfamiliar with statistical methods., The following

definitions are therefore suggested:

(1) Optimistic estinnte t

The time that will be taken if "everything goes right" - i,e, if exceptionally

good luck is experienced,

(ii) MNost likely time t

The time which, in the opinion of the estimator, is the one which would occur

most often in normal circumstances,

(1ii) Pessimistic time ’Ep

The maximum time that the activity will take if "everything goes wrong'.

"Bverything" in this case excludes "acts of God" - fire, flood, tempest, etc,

Wnen time estimntes have been made for each activity, analysis of the

network may begin,
A.5 Analysis

The first step is to determine the =xpected time ard variancce for cach

activity. Vhon this has been done, it is possible to calculate the cumulative
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expected time T and the cumulative event variance G (T ) for any event on the
network by nldlng the individual sxpected times and varlancas of all the
actvivities along the longest path to it from the initisl event. The next process

in the analysis is to perfor this calculation for each event,

The curulative cxpected tive for the objective event will be the best
estivate of the time for compleiing the entire projact. This mey, of course,
be corlier cr later thar the scheduled, or reguired, time. The cumulative
variance will give an irdication of the probability of achieving this date.

The rext stz is to take the schoduled time, if there is one, or otherwise
the expected time as a starting peint, and to work baciawaris thr -uzh the network
to caleulate the latest sllowablice tiee TL for each event, This calculation is
made in exactly the same way as the Torvard pass through the network; by adding
together the expected timas of the activitius on the longest patn fran the
objective event to the event corcernced, 4 cumulative variance of TL can also be

ceuputed if rcequired.

The next step is to deduct the cumulative expected tiime from the latest
ellowaple time, this gives the "slack" for cach event, that is to say the amount
of time by which the event may be delayed without affecting the scheduled date
for +he entire project. Slack may b2 positive, zero, cor negative., I it is
negative, the project may be erxpectad to over-run by this anount. The path
through the networic with the smallest amount of slack is c2lled the "critical
path”, it is this path that determines the overall timescsle for the project,

and it is only by shorterdng this rati that the end date can be trought forward.

9

this anzaliysis is very simple, It can
however becore extrsm3l) tiilican fur larze networks, and it is uswel to use an
electronic computer for thess, Fovr nelweorks of up to one or two lmrdred events
however, manual analysizs is gquite feezsible and an example is given in Table A1,
in which the natworic or Fi?ure AZ is analyssd, Table A1 is an activity oriented
analysis, and it will be noticed +hat it has been preduced from an event-oriented
network, It is vossiblc to produce event-orionted aralyses, in greater or less
detail for different levels of management, It is usual, however, to base these
the activity oriented analysis at the lowest level of irdenture. Another

useful permutation of these data 1s the slack path analysis shown in Table A2,
This merely ranks the various paths througn the network in orvder of increasing
amounts of slack, It Cirecis the manager's attention to those parts of the neti-

5

work which mzy nced his attention.
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It may assist the reader to assimilate the anslysis technigue if we
consider the evample (Pig.42, Tables A} ard A2) in more detsil, The network
has been nunbered in accordance with Fulicerson's rule, so we first list the
eotivities in ascerding order of their predecessor event nunbers, [t will
be noted that the event descriptions have teen chosen so that deduction
of the correct activity description is easy, To 2nsure this, the "unique

predecessor ard successor event" rule has been observed where necessary.

When the activities are listed, we calculate the expected time t, ard
variance o (te) for cach ia accordance with the formulae given in Al
Thue for activity 1 - 2:-

1e5 2
ty = 2% 36+ b x = 2.1 (to first place of decimals) -

armd

I - 2
@ (t) = 3949-—-1L5} = 0.0625 .
e L 6

for this purpose, C,06 is near enough.
These simple cslculations are repeated for each activity in turn,

. . . 2
Tre cunulative expected time T, and cunulative event variance o .(‘I‘F.)

are then calonlated for eacii (suncessor) event, Thus Tor event 2:=

T. = 0+2.1 = 241
52 (TB) = 0+ 006 = 0,06
ard for event 3:~
Ty = 2.1 + 7.5 = 9.6
@ (1) = 0.06 + 1,36 = 142 .

The calculation is always made for the longest path through the network
to the event concerred, Vhere alternative paths exist, e,g. event 12, (sowe-~
tines celled a backward node), they are each exanined in turn, In practice,
this merely weans that the expected time of each activity, for which it is the

successor, are added to the cumulative expected time of the respective pre-

decessor event;~
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T, (Event 10) + t_ (Activity 10 = 42) = 21,1 + C
and

1598 o

t
i

7. (Event 8) + b, (hctivity & = 12) = 18,8 + O

)
®

Thus the largest path to event 12 is through activity 10 -« 12 ard this is
indicated bty circling the aprroprizte T ; thus (@1.,1). It is this value, and its

)
associated variance, that deterwmines the 7. and variance for event 12,

[

When this forward pass through the network is complete, a baciorerd pass is
mede, using vrecisely the same technique, to establish the latest allowable time
TL for the completion of cach activity. In vractice, imost people finrd this
pass more difficult, presumably tecause ithcy are woriting from right to left and
from the bettom ol the paper upwards, This difliculty tends to ease with

m

f'or the c¢bjective event 20, Then: /

/

Ty, (Event 19) = Tp, (Event 20) - ty (Activity 19 - 20) = 52,0 = 1,6 =/ LO.k,

nere an event initiates more than onc activity (forward node or bufst point)

the situation is analogous %o that oi' a backward node on the forward pgss, in that
. . N N . v . . 4

is tire longest rath from the objective event which determinus the T;. Thus for
=-d

it
even

prs

2=

.

o= T (Event 3) T, (fctivity 2 ~ 3) = 11.9 - 75 = holk

S

T, (Bvent &) - T (Activity 2 - L) = 28,2 -.95.2 2340
Ew) -

1]

=]
n

-
oy

so it is the path through Bvent 3 that determines the T, (ivent 2) and T, (Event 3}
is ringed to record this fact,

It is possible also to calculate 02 TL’ by adding the variances along the
larzest path from the objective event, if this paramester is thought by the

manager to te useful,
The inal stage of the anmalysis is the calculation of slack (TL - T

thus:-

lack (Activity 1% - 20) = 42.0 - 39,7 = ‘2.3

i

[T
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Obviously, if TE is greater thsn TL’ the slack will be negative and this
irdicates that the project, if carried out according to the network and time

estirates,has 507 probebility cf overrunning by this amount of time,

The slaclc path ernslysis, given in Table 42, is simply a matter of listing
the events which relate to cach successive value of slack in the analysis and
checking to see that the list corresponds to an actual path through thc network,
The path with the lesst smount of slack (critical path) is listed first, If
any subcritical path, taking into account its cumulative variance, approaches

the critical path in length, this fact is noted,

It will be observed that the individual or department hcad responsible

Tor each real activity is listed on the anzlysis, The value of this is cbvious,

The asmount of slaecik in the critical path and the variance of the cumlative

of achieving the scheduled date, 4 quantitative value for the prebability of
doing so can, however, be established, It is assuned that, where there arc a
substantiul nunber of activitics on the critical path, the distribution of the
possible total elapsed times for the path will approach the normal (symmetrical)
distribution, This assumption is based on the central limit theorem, which holds
when there ars & number of activities (e,y, more than ten) amd their individuel
distributions are random. The probability of meeting eny scheduled cate is
fourd by expressing the differcnce batween the scheduled time Tg and the overall

expected time T, in temis of ithe standerd deviation:

Ty - T

o

B

g

The result is compared with a set of probability distribution tables to give a
figure for the probability of achieving T, A an example, we may take the

figures fram our sammle analysis in Table A1:

u‘%;; = + 1,03

Probebility of achieving Tg = BleB%
It should te burne in mind that, Loth the total expected time and the variance

and probability figures are based on the assumption that the critical path is

"enpugh longer" than the parallel patns for the latter not to affect the result,

Lot it s o s,




Apperdix A ' 43

If there are parallel paths with slack which is only slightly smaller thsn that

in the critical path then these calculations will give cptimistic answers., This

optimism i3 in addition to the slight optimistic bias which has been found to be i
inharent in the technigue, lethods have been suggested for avoiding these
errors, but these are outside thne scope cf this briel swmar;y. The manuger can,

. of course, maice his ovm subjective corrections, :

: 4.6 Te-scheiuling

The conclusion reached from the results of the analysis of the network may

well be that it deoes not represent an accepteble plan for carrying out the

project, In all probability a shortening of the overzll tiiescale will be require’

bl A

To achicve this, it is necessary to attacic the activities on the critical path,

There are three basic rules for this replarming:

(1) Review all activit®=s to detemmine whether each is absolutely essential

3
e
3

TUTT ko the programne.  Activiii-c-  lich arc desirable ratrer than cssential way be
dcleted,

(ii) TZrploy additional resources to reduce activity times on the critical

ducddills”

path, It may be possible to transfer reaources from raths with large positive

slack, otherwise total resources may have to be imcrcased, This may be done by

Haddiiris

1 overtime working, the use of better people, or the recruitment of additional

personnel, Another possible altcernative is to subcontract soxmc activities i

(iii) Twe or more activities whichk, in the original network, ware planned
to cceur in scrigs, may be re—planncd to take place in parallel. This course

may involve zoric technical risk, amd will cortainly invelve an ircrease in

bl Ll

resources in the samc vay as rule 2,

Ir a project of any size, there may be a nwsber of alternative methods of
1

achieving the desired result, Zach of these alternztives may be tried in tine FER"

model, and their effects determired to ernable the best solution to be fournd,

. Vhen the critical path has been readuced to the required length, ard the
anal; sis has been run through agein, it is highly likely that a new critical path 3
. will have been created, This nust be {reated in the same way, until all the

areas of criticality have been dealt with, In considering the final analysis,

oy,

two points must be torne in mind, The crcation of a number of paths with nearly

the same criticality leads to an optizistic prediction, es stated above,

Seconily, the peok demard for rescurces should not exceed thoze likely to be

available, In any case, excessive pcaks in demand for labour leac to

AT Py

inefficicnt working.
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The perfected TIZRT model thus becomes the basis for planning, i.¢. sllooating
materials, labour and facilitics to the projcct, It may also be used as a channel
of communication to convey planning information backwards and forwards between

management and operations, This leads in to the second function of FERT - review,

A,7 DProgress reviews

Once the project has started, the manager will wish to review progress at
regalar intervals., ‘ihen ERT is used, immediately before each progress report is
dus, the network 1s revised or "up-dated" to bring it into line with the current
situation, A1l events that have been achieved are deleted ard replaced with the
artificiel evant HCW, Any changes in the logic of a network that have been brought
about by the changing situation are made, and revised estimates made for activities
if necessar;r, The analysis is run through again, and a slack path analysis prevared,
For a large project, less detailed reports for higher levels of menagament may be
made, The result of this work may indicate that re-planning of parts of the project
is needed to ensure that the objectives are reached, The value of FERT is thaet it
directs management’s attention to these areas, and enables them to try pbssible
solutions in thc model as in the initial re-scheduling phase, The predictive
capability of' the technique enables corrective action to be taken before it is too
late,

448 A guide to further reading

This outline 1s a compression of a very large amount of published inforration
about PuRT, in which much has be- intentionally omitted, In siddition to
omissions intentional ard uninte..cional, it is probable that data compression on
this scalec has introduced soie distortion, It does however include what, from the

writer's own experience, appears to be essential,

Anyone vwho wishes to study the subject further may find this list of

recommerded reading useful:

(2) ‘The work of developing PZRT, and the fourdations upon which it was
based, are described by its originators in reference 410, This has since been
supplemented by an Addeniwr.zs.

- . . n - C s es e
()  Perhaps the most practical of tne mamals of PERT is that of Miller ,

(2) ore general treatments of network techniques are references 3 and 22,
(@) Reference 11 contains raterial for training courses on PERT and C,P.M,

) 1

(e) lost of the statistical arguments about PERT have been ventilated in

the columns of Operations Research; the Journal of the Operations Resesarch Society
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of America, from 1959 onwards., Murther material of this kind appears in
Managerent Science; the Journal ~f the Institute of lanageument Sciences, Baltimore,

Maryland,

(£) lore eupirical arguments have been corducted in the colwans of the
now defunct Jjournal: Acrospece Nanagement,

1

(g) & "yrogramzed teaching" book has recently been publisced.

Paradoxically, only a person untrained in the subject can express an
objective view ol a beok of tids kind., However, good rerorts have been received

vl
L

of ;- A programmed introduction tc PurT", issued by the I,T,& T, Federal

Electric Corporation, and puolished by Viley, - - - -

oot
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Table A1 - ACTIVITY ANALYSIS

|
Predecessor Sucocessor . % ¢ t t
event event Activity ° o P e
1 2 Write design speo, 1e5 2 3 2.1
2 3 Electriocal design 5 7 12 Iy
. 2 IN Write test spec, 3 5 & 5.2
3 5 Mechanical design 2 3 5 342
3 6 Order components 2 2 2 2
I 11 Duamy 0 0 0 0
b 17 Duaay 0 0 0 0
5 7 Order waterial 2 2 2 2
5 8 Prepare drawings 5 6 7 é
6 9 Obtain components 10 1k 20 |1443 -
7 10 Obtain materials L 6 10 6.3 _ ;
8 12 Dummy 0 0 0 0 1848 2lad
9 14 Dummy 0 0 0 o | (2B,
9 15 Dummy 0 0 0 o |25, i
10 12 Dunmy 0 0 0 o {(21.1 ;
11 1L Reliabilivy assessment | 10 12 15 112,2 .1 L
12 13 Meke chassis 2 3 4 3 2h,1 7
13 15 Dunmy 0 0 0 0 24,1 )
b i9 Dummy 0 0 0 0 (58.1)
15 16 Prototype assembly . 1.5 | 2,5 3 2.4 1 28,
16 17 Dumry 0 o | o 0
17 138 Prototype tests 5 7 11 Te3 | 3546
18 19 Dunmy ) 0 0 0 0 35.6
‘ 19 20 Design review 1 1.5 | 2.5 | 1.6 | 39.7
a ;?('
Table A2 = SLACK Pt ‘A
Weeks of =
sleok 2,3 4,8
1 9
Event 2 15
' nunbers 3 16
6 17
; 9 18
f 11 19
14
| 19
i 20
1
f Remarks Critical Sub=-critical
1 puth but
E o (Tp) = 2.23 | o (T) = 1.96

S S




- ELECTRONIC DECUSTICATOR

activity event Aotivity
Slack st 2;3 vggl?%;ﬁ Remarks responsibility
2,3 0,06 0,06 For an explanation of Menager
2,3 1436 1elt2 ihe ciroled numbers, Engineering
20.9 0.69 0.75 see text-page 41 Eng.
606 0-25 i 1-67 'DoOo
2.3 0 1.42 Stores
25.8 0 0.75 S
6.6 1467 Stores
8,9 0.11 1.88 D.0.
2,3 2.79 Lo 21 Stores
6.6 1,00 2,67 Stores
85 0 1,88 :
2,2 0 Le21
1!08 O 24..21
6.6 0 2.67
2,3 .0,69 4,90 - . . Eng.
6,6 0,11 2,78 Shops
6.6 0 2,76
2,3 0 4.90
L.8 0.06 2,84 - : Model shop
4,8 0 2.84
) 1.00 3484 Brg.
4.8 0 3.8L
2.3 0,06 4,96 - |o (Tg) = 2.23 Manager
Scheduled time: L2 weeks L
Objective event:
Prototype approval

4 .
?, = SLACY PATH AKALYSIS

]
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4o 6.6 8.9 203

9 3 5 2 i
s5 5 8 4 B
-6 7 12 11
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Anpendix B

PROGRANE EVALUATION ! REVITY TUCHNTQUE —

CONTRACTUAL REJJTRELENTS

Be1 Ceneral

All development ard manulscturing work to meet the attached design aim
w21l be plammed and vrogressed by mecans of the Programme Ivaluation and
Review Technique (PERT/TIiiZ). The following clauses specify the procedure

to which all tenderers and contractors are exgpected to adherd,
5,2 Procedure

All tenders and contractual proposals arce to be accornpenizd by PERT/TIME
nctwork(s) and a preliminery enalysis revort, On receipt of contract or en
I.7,P., the contractor is recauired tc review his preliminary netwvorks in
conjunction with the Design Authority to eviive at an agreed programme (the
"initial" report)s He may also be required to enter into liaiszon with other

contractors ard to ajjust his interface cvents to conform to z2n overall plan.

The contractor is also to bring his netvorks up to date and to produce
a Progress Anclysis Report at intervals {o coincide witin the technical
reporting interval (no ,-Ally one calerndar month). The effcective date of the
Progress Analysis Report shall be not more than one working wocik before the
Progress iiecting at which it will be discussed, ard 2t must be in the hands
of the Design iuthority not less than two working deys before the meecting,

The contractor may use any version or variant of TERT/TIME which is
compatible with ti:e detailed requirements set out below., The Design
Authority will assist contractors who are not familic™ with the technique,

but carnot undertaize trainins of personnel

B,3 vetworks

B.3e1 Events
tworks arc to be event oriented, That is, each event shall be
sho abol containing a nurber and an ebbreviated description of the

cvent, «aotivities will not be nwbered or lebelled, Two different event
sywbols are reguired, one for events wnich have an interface with, cor form
part of, other nctworks, and onc¢ for all other events, Freferred symbols
arc shown at FigeB1, but others may be used providing they arc clear and

Unﬂ.nbl uou 3,
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The milestones in the attached list are to be incorpnorated by the coniractor,
unchanged, as cvents in the appropriate networks,

No retwerk, at any level of indenture, is to contain more than one mrdred
ard fifty events, The preferred maximum is one hundred events. ‘here, because
o: this rule, or for any other reason, the contractor uses more than one rnet-
work to cover the work under the coniract, he is required to produce an integrated

network meeting tlie same rules at a higher level of inienture which does cover
the entire project.

4s specified in the PERT literature, cach network will have one (only)

initial event and one (only) objective event, Tnese will normelly be the

specified milestones., As the network is amended to conform with progress through

the project, the initial event will be the srtificial event "NOW"; that is, the

last reporting date,

Eyvent nuarbers will be allocated in accordance with Fulkerson's rule. This

rule is stated as follows:
(a) MNarber the initial or starting event "1",

(b) Delete all the activity arrows emerging from the nuwrbered events
{i.e, ™" in the first iteration), This will gencrate at least onc new initial
event,

(e) Ihmber all the new initial svents "2", "?" and so on, in any ordex,

(a) Reiterate {(b) and (c¢) until the cbjective event is reached.

It is permissible to usc partial numbering, i.e, to owmit one or two integers in

each decade in the initial murbering process, so that they may be used for later

additions, I an allocation of event numbers is made for the contractor's use,

it will be given after the list of malestones,

B.3.2 Activitics

Two kinds of activities will be shown on the network: real or time-
consuming activities, amd dummy activities, They arz to be shown by solid ard
dotted lines respectively. In each case the linc will be teminated by an

arrow pointing to the successor event.

The rule which specifies unique predecessor and successor events for each
activity need rot be followed, because this preduces an cxcessive nuber of
dunmmy activities, Its use should be confined to situations where it is

necessary in the interests of clarity.

L ibdasd 1 .

s tad bk

B

Sttt s daidan

ettt i

4 sk Attt




Apperdix B

The degree of detail required in the network 1s difficult to define.
It is, in part, governed by the limitation on the nuwrber of events. It is
also required that the content of activities siiall be chosen such that the
longest of the expected times t, shall approximate to the reporting period -
four wecks, Bach activity must fall within the responsibility of orc
individual sunerviscr within the contractor's organisation. It is important
that activitices shizll not be defined in such a way that they involve the

wark ol two or more departments,

Three tiie estinmates will be made for cach activity, Thcy are to be
the optimistic to’ most likely tm ard pessimistic tp tires of the basic
PERT., The contractor will be required to calculate the expected time te
and variance for each activity. i'herc activities on the contractor's
network are the responsibility of the Design Authority or another contractor,
he sust zive adeuate notice to tiwe party concerned that threc time estimates
are required, This system of estimating is to be used throughout the projct,
except for dumny activities and for activities where a precise time is knowm

ir advarce,

B, 4L inalysis

These recuirements have been drawn up in such a way that manual analysis
is feaszible, There is, of course, no ot’ection tc the use of an electronic

computer, but the information specified rust alvays be provided, If the

5

-analysis is to be done mamially, a calculating aid known as the PIRT-O-GRAPH II :

Criticel Path Computer will be fourd useful, This inexsensive device 1is
obtainaktle from James Halcorbe Assoclates at Beverley iills, Cz2lifornia, The

accuracy obtainzble by its careful use is acceniable,

Two Analysis leports are required, ard their preferred forms are showa
in Table 1 and Table 2, Hanual analysers will have no difficulty in
adhering to the precise Torm of these tables. A computer print-out in
different form is acceptable, providing that it yields the same information,
anissions can te added manually i necessary, Contractors {ro wish to use
an existing computer prograrme should consult the Design Muthority to arrive
at en acceptable compromise, It will be cobserved that tne bacic analysis is
activity oriented, this may readily be derived from the event oriented network

if the events are suitably labelled,

The timc cstimates amd the results of the analysis should not be written
on to the master copy of the network, because this vill make later anendments
i

more difficult, Squared up" nctworks, which are arranged for eventa 4o be

aligned with a horizontal timescale, are not required,




e

52 fppendix B

The latest allowable time Ti for the objective event is to be the
scheduled tims, if' one is stated in the contractual requirement, or the total

estimated time TE fer that event from the contractor!s own analysis,

The basis of the analysis is to be the original FERT formulae given in
Table 1. It is spprcciated thut the use of these formulee can lead to minor
errors, If the contractor wishes to use Monte Carlo or other techniques to
minimise these errors, he may do so, but the basic analysis should still be

performed ard shown in the reports,

B. 5 Reports

The preliminary and initial reports will consist of & print of the
network(s), the network analysis and the slacl: path analysis, Progress
reports will contain the network analysis and the slack path amlysis
referred to the reporting date, 4 list of events achieved since the previous
report is alsgo reguired, These can tiwen te transferrved to tne network to
give the position of "NOW", If any modifications have been made to the
network in addition to the change in position of "NO+", a copy of the

nodified network will also be required,
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Avpendix C

THe LODEL OF AN =CTIVITY

The nodel of the duration of a real activity in a network can be deter-
ministic {as in the single time estinate of Z.P...) or stochastic (as in PERT)
in that it can be expressed =8 a randon variable with a specific distribution,

. o 1 ; . .

MacCrimson arnd Ryavec & have suggested that three properties inight be
postulated for such distribution:

(a)  Unimodality -

The rve of prcbability versus time should have a single mode (or peak)
which 1. 21n PERT terninologr, the "most likely" time for corpletion, One
can imagine some special cases in research and development where this might not
be true, but the wast nrajority of activity distributions mey be expected to be
unimodal,

(b) Continuity

The distributicn and hence its curve should be contimuous, 4gain, it is
possible to postulate special cases with discrete distributions, but a continuous

distribution will be a gocd apyroximation,

{(¢) Two non-nepative abscissa intercsonts

Tkis prorerty merely reflects the certainty that an activity cannot be

completzd in negative time,
To these, the present writer would add a fourth:

(@)  The possibility of aswrmetry .

The majority oi distribution of time estimates are skewed, and one feels
intuitively that this reflects the practical situation., In arny case, the use of
2 symmetrical distribution, e,g, the normal distribution, ‘ould be to impose
a restriction which it would be difficult to justify.

4 distribution which possesses these four properties is the bete, and this

10,25

was chosen by the originators of PEXRT to be the model for the duration of

an activity. The probability density function of the beta distribution is:
, o 8
f(t) - h(t - a) . (b - t) . (01)

Some examples are given in Pig,aA7. It will be noted that the first is
symnetrica., the secord is skewcd to the left andi the third is skewed to the

I‘ight»
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In this exovression, the two erd points of the distribution 4 and B are
specified by the optimistic and pessimistic time estimates to and tn' The
exnonents ¢ ani B are determined by the assurption that the stardard deviation
¢l the distribution is onc-sixib of its range (b - a) and the estimate of
the velue of the mode (m), or most likely time t .

In the FiRT algorism, the two paramcters used arc the mean (or expected
time te) and variance (square of the standard deviation) although these do not
def'ine a unique distribution, To obtain the mean precisely it is necessary
to solve a cubic eguation but, to simplifly the spplication of the model a

lincar approximation was made:
. a + m+d
L (c2)

or in PERT terminology

te = 4 (CB)
and the variance
t -t
2
o (t) = "_Dé = (Ca)
L

This appreoximation and assumpticn are not rigorously valid for all beta
distributions. Battersby26, who deals with thne PERT statistics at some length,
shows that they are trus when the parameters of the beta distriobution have
certain specific values, and that they are not grossly in error over quite a
wide range of values, There is, however, a tendency to urderestimatc the

variance wnen using equation Che

Various alternative mcthods of ceomputing activity and netwerik parameters
have been suggested by Fulkerson15, MacCrimmon and Ryavec1h, Van Slyke17 and
others, Notwithstanding the mathematical merit cf these alternatives, managers.
have, in practice, contimned to use the original PERT method almost exclusively.
It is simple, it has been shown to work in practice ana its acxnowledged

deficiencies can be minimised by intelligent implementation.
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